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Introduction {#sec001}
============

DNA double-strand breaks (DSBs) are the most toxic form of DNA lesions that arise endogenously or by exposure to various chemicals and radiation. Unrepaired or mis-repaired DSBs can lead to genome instability and tumorigenesis \[[@pgen.1008701.ref001]\]. Indeed, defect in the repair of DSBs is associated with chromosome instability and cancer susceptibility genetic diseases including Fanconi anemia (FA), Bloom syndrome and Werner syndrome \[[@pgen.1008701.ref002], [@pgen.1008701.ref003]\]. There are two major pathways to repair DSBs: non-homologous end joining (NHEJ) and homologous recombination (HR). NHEJ mediated repair is DNA template-independent and occurs in all phases of the cell cycle, and is often error-prone. In contrast, HR mediated DSB repair is mostly error-free, requires homologous template DNA and is restricted to S and G2 phase. In somatic cells, sister chromatids serve as a template for repairing broken DNA; thus, HR is considered as the most accurate pathway for repairing DSBs and maintaining genome integrity \[[@pgen.1008701.ref004]--[@pgen.1008701.ref008]\].

Repair of DSBs by HR requires resection of DNA ends which are generated by nucleases and helicases \[[@pgen.1008701.ref009]\]. Resection of DNA ends occurs in two steps; in the first step, MRE11 by its endonuclease and exonuclease activities generates short 3ʹ-single stranded DNA (ssDNA) overhangs. RAD50, NBS1, and CtIP stimulate MRE11 mediated short-range resection. In the second step, long-range resection is catalysed by either EXO1 or DNA2 nucleases in conjunction with BLM or WRN helicase \[[@pgen.1008701.ref010]--[@pgen.1008701.ref012]\]. The 3ʹ ssDNA overhangs are coated by RPA protein which is subsequently replaced by RAD51 recombinase with the assistance of mediator proteins including BRCA1, BRCA2 and RAD51 paralogs \[[@pgen.1008701.ref003], [@pgen.1008701.ref013], [@pgen.1008701.ref014]\]. RPA coated ssDNA also recruits ATRIP to execute ATR mediated checkpoint activation \[[@pgen.1008701.ref015]\]. Thus, resection of DNA ends is crucial for determining DNA repair pathway choice and checkpoint activation.

FANCJ helicase mutations lead to bone marrow failure syndrome Fanconi anemia (FA), and breast and ovarian cancers \[[@pgen.1008701.ref016], [@pgen.1008701.ref017]\]. Evidence from various studies indicate that FANCJ is a multifunctional helicase that participates in the FA pathway of DNA inter-strand crosslink (ICL) repair \[[@pgen.1008701.ref017]\], DSB repair by HR \[[@pgen.1008701.ref018], [@pgen.1008701.ref019]\], G-quadruplex DNA resolution \[[@pgen.1008701.ref020]\], in the rescue of cells from UV induced lesions \[[@pgen.1008701.ref021]\] and in the maintenance of microsatellite stability \[[@pgen.1008701.ref022]\]. FANCJ also has been shown to protect replication forks during replication stress \[[@pgen.1008701.ref023]\]. Our previous study showed that FANCJ plays an important role in regulating the balance between short and long-tract gene conversions in response to I-*Sce*I induced breaks and this function appears to be independent of its role in ICL repair \[[@pgen.1008701.ref019]\]. However, the precise mechanism by which FANCJ regulates HR is obscure. Here, we show that FANCJ promotes DNA end resection by recruiting CtIP to the sites of DSBs, which is dependent on FANCJ K1249 acetylation. Strikingly, the acetylation of FANCJ is dependent on FANCJ S990 phosphorylation by CDK. FANCJ interacts with BRCA1 upon phosphorylation by CDK and promotes DNA end resection in a manner independent of the BRCA1-CtIP complex. Additionally, FANCJ-CtIP mediated end resection requires FANCJ helicase activity. Together, our data identify a novel function of FANCJ helicase in DNA end resection to promote HR mediated DSB repair.

Results {#sec002}
=======

FANCJ helicase is required for processing DSB ends {#sec003}
--------------------------------------------------

To gain insights into the role of FANCJ in HR, we measured ssDNA generation at sites of DSBs induced by *Asi*SI restriction enzyme by a previously developed ER-*Asi*SI system in U2OS cells \[[@pgen.1008701.ref024]\]. Incubation of cells with 4-OHT facilitates the entry of *Asi*SI enzyme into nucleus and DSB generation at multiple sites in the genome. This system allows quantitative measurement of ssDNA generation at *Asi*SI induced DSB1 and DSB2 sites in chromosome 1 ([S1A Fig](#pgen.1008701.s001){ref-type="supplementary-material"}). To test the role of FANCJ in DNA end resection, we incubated U2OS cells with 4-OHT and measured ssDNA generation qualitatively by measuring BrdU staining in CENP-F positive cells which is specific to S/G2 phase ([S1B Fig](#pgen.1008701.s001){ref-type="supplementary-material"}). Compared to control cells, depletion of end resection factors CtIP, MRE11 and BLM caused a defect in the BrdU signal ([S1C Fig](#pgen.1008701.s001){ref-type="supplementary-material"} and [Fig 1A and 1B](#pgen.1008701.g001){ref-type="fig"}). Interestingly, the depletion of FANCJ caused \~3-fold reduction in BrdU intensity. RPA2 phosphorylation at serine 4 and serine 8 residues serves as a marker for ssDNA generation in the genome \[[@pgen.1008701.ref025]\]. Compared to control cells, FANCJ deficient cells exhibited \~3-fold reduction in phosphorylated RPA2 in response to *Asi*SI and zeocin induced breaks, indicating the possible role of FANCJ in DNA end resection ([Fig 1C and 1D](#pgen.1008701.g001){ref-type="fig"}, [S2A and S2B Fig](#pgen.1008701.s002){ref-type="supplementary-material"}). This was further confirmed by immunoblotting for phosphorylated RPA2 in control and FANCJ/CtIP depleted cells ([Fig 1E](#pgen.1008701.g001){ref-type="fig"} and [S1C Fig](#pgen.1008701.s001){ref-type="supplementary-material"}). Processing of DSB ends facilitates the loading of RAD51 onto the ssDNA to initiate HR \[[@pgen.1008701.ref013]\]. To test whether FANCJ deficiency affects RAD51/RPA loading onto the sites of DSBs, we measured RAD51 and RPA70 foci formation after inducing breaks with *Asi*SI. Compared to control cells, FANCJ/CtIP depleted cells exhibited reduced RAD51 and RPA70 foci formation ([Fig 1F--1I](#pgen.1008701.g001){ref-type="fig"}). Similar to *Asi*SI induced breaks, localization/loading of RPA70 and RAD51 was impaired in FANCJ depleted U2OS cells upon generation of DSBs induced by etoposide and zeocin ([S2D--S2I Fig](#pgen.1008701.s002){ref-type="supplementary-material"}). Collectively, these data suggest that FANCJ participates in DNA end resection.

![FANCJ facilitates DNA end resection.\
(A) To measure end resection by BrdU staining, ER-*Asi*SI U2OS cells pre-labelled with BrdU for 24 h were depleted for the indicated proteins followed by treatment with 300 nM 4-OHT for 4 h or mock treated. The efficiency of knockdown of individual proteins was examined by western blotting ([S1C Fig](#pgen.1008701.s001){ref-type="supplementary-material"}). Cells were fixed and stained with BrdU antibodies in native conditions to selectively detect ssDNA generated by end resection. CENP-F was used as an S/G2 phase marker to specifically examine DNA end resection during HR. Representative image for BrdU foci is shown. (B) Graph represents mean BrdU intensity from indicated samples in (A). N = 3; error bars indicate standard deviation (SD) and statistical significance was measured by two-tailed *Student*'s t-test of unequal variance. \*p \< 0.05; \*\*p \< 0.01; \*\*\*p \< 0.001; N.S., non-significant. (C) ER-*Asi*SI U2OS cells depleted of the indicated proteins were treated with 300 nM 4-OHT for 4 h or mock treated. Cells were fixed and stained with γ-H2AX and pRPA2 (S4/S8) antibodies to detect ssDNA generated by end resection. Representative image for γ-H2AX and pRPA2 (S4/S8) foci are shown. (D) Graph represents the mean fluorescence intensity of γ-H2AX and pRPA2 (S4/S8) foci/nucleus from indicated cells in (C). N = 3; error bars indicate standard deviation (SD) and statistical significance was measured by two-tailed *Student*'s t-test of unequal variance. \*p \< 0.05; \*\*p \< 0.01; \*\*\*p \< 0.001; N.S., non-significant. (E) ER-*Asi*SI U2OS cells treated with either control shRNA, shFANCJ \#1 or shCtIP were treated with increasing dose of 4-OHT (0,100 and 400 nM) for 4 h. Whole cell lysates were resolved on 10% SDS-PAGE and probed for the indicated proteins to measure their damage induced enrichment in the cell. (F) ER-*Asi*SI U2OS cells depleted for the indicated proteins were treated with 300 nM 4-OHT for 4 h or mock treated. Cells were fixed and stained with γ-H2AX and RAD51 antibodies. Representative image for γ-H2AX and RAD51 foci are shown. (G) Graph represents the mean fluorescence intensity of γ-H2AX and RAD51 foci/nucleus from indicated cells in (F). N = 3; error bars indicate standard deviation (SD) and statistical significance was measured by two-tailed *Student*'s t-test of unequal variance. \*p \< 0.05; \*\*p \< 0.01; \*\*\*p \< 0.001; N.S., non-significant. (H) ER-*Asi*SI U2OS cells depleted for the indicated proteins were treated with 300 nM 4-OHT for 4 h or mock treated. Cells were fixed and stained with γ-H2AX and RPA70 antibodies. Representative image for γ-H2AX and RPA70 foci are shown. (I) Graph represents the mean fluorescence intensity of γ-H2AX and RPA70 foci/nucleus from indicated cells in (H). N = 3; error bars indicate standard deviation (SD) and statistical significance was measured by two-tailed *Student*'s t-test of unequal variance. \*p \< 0.05; \*\*p \< 0.01; \*\*\*p \< 0.001; N.S., non-significant. (J) Measurement of DSB end resection in ER-*Asi*SI U2OS cells transfected with control shRNA or shRNAs directed against BRCA1, FANCJ, CtIP, MRE11, DNA2 and 53BP1 as indicated using the assay established in [S1A Fig](#pgen.1008701.s001){ref-type="supplementary-material"}. The efficiency of knockdown of individual proteins was examined by western blotting ([S1C Fig](#pgen.1008701.s001){ref-type="supplementary-material"}). ER-*Asi*SI U2OS cells depleted of indicated proteins were synchronized in S/G2 phase as depicted in [S1B Fig](#pgen.1008701.s001){ref-type="supplementary-material"} followed by treatment with 300 nM 4-OHT for 4 h or mock treated, genomic DNA (gDNA) was extracted and digested or mock digested with *Ava*I, *Nme*AIII, *Bsr*GI, *Bam*HI or *Hin*dIII overnight. DNA end resection adjacent to DSB1, DSB2 and No DSB site was measured by qPCR as described in 'Materials and Methods' section. N = 3; with error bars indicating SD and statistical significance was measured by two-tailed *Student*'s t-test of unequal variance. Summary of the % DSBs at the two selected *Asi*SI sites are shown in [S2 Table](#pgen.1008701.s005){ref-type="supplementary-material"}. \*p \< 0.05; \*\*p \< 0.01; \*\*\*p \< 0.001; N.S., non-significant.](pgen.1008701.g001){#pgen.1008701.g001}

To validate our observation of FANCJ role in DNA end resection, we quantitatively measured ssDNA generation at *Asi*SI induced DSB1 and DSB2 sites \[[@pgen.1008701.ref024]\]. We carried out quantitative PCR using a set of primers that measure ssDNA generation ranging from \~130bp to \~3.5kb ([S1A Fig](#pgen.1008701.s001){ref-type="supplementary-material"} and [S1 Table](#pgen.1008701.s004){ref-type="supplementary-material"}). Compared to control cells, depletion of MRE11, CtIP, and BRCA1 caused 2--3 fold reduction in ssDNA generation at DSB1 and DSB2 sites ([Fig 1J](#pgen.1008701.g001){ref-type="fig"} and [S1C Fig](#pgen.1008701.s001){ref-type="supplementary-material"}). These results are in agreement with previous observations of defective end resection associated with factors that participate in DSB processing \[[@pgen.1008701.ref011], [@pgen.1008701.ref012]\]. Consistent with DNA2 helicase/nuclease role in the long-range resection \[[@pgen.1008701.ref026]\], we observed moderate reduction in ssDNA generation close to the DSB sites but showed a significant reduction at the range of 1.6--3.5 kb ([Fig 1J](#pgen.1008701.g001){ref-type="fig"}). 53BP1 is an upstream regulator in the pathway choice of DSB repair and its depletion is known to cause an increase in the end resection \[[@pgen.1008701.ref027], [@pgen.1008701.ref028]\]. In agreement with this, we find an increase in DNA end resection upon depletion of 53BP1 ([Fig 1J](#pgen.1008701.g001){ref-type="fig"}). Strikingly, the depletion of FANCJ helicase by two shRNA plasmids caused \~2-fold defect in ssDNA generation at both DSB1 and DSB2 sites ([Fig 1J](#pgen.1008701.g001){ref-type="fig"}). Together, these results suggest that FANCJ plays an important role in DNA end resection.

FANCJ interacts with CtIP and facilitates its recruitment {#sec004}
---------------------------------------------------------

MRN complex in collaboration with CtIP initiates the processing of DSB ends to generate short tracts of ssDNA \[[@pgen.1008701.ref029], [@pgen.1008701.ref030]\]. Subsequently, EXO1 and DNA2 nucleases in conjunction with BLM/WRN helicase promote long-range resection \[[@pgen.1008701.ref026], [@pgen.1008701.ref031], [@pgen.1008701.ref032]\]. To gain insights into the role of FANCJ in DNA end resection, we investigated the recruitment of FANCJ to the DSB1 site and the role of end resection components in the localization of FANCJ. Compared to control cells, induction of DSBs with *Asi*SI resulted in \~4-fold enrichment of FANCJ to the sites of DSBs and this enrichment was moderately affected in MRE11 depleted cells ([Fig 2A](#pgen.1008701.g002){ref-type="fig"}). However, BRCA1 depletion caused a more significant reduction in FANCJ localization but depletion of CtIP or BLM did not affect FANCJ recruitment ([Fig 2A](#pgen.1008701.g002){ref-type="fig"}). To validate our observations, we measured FANCJ foci formation in response to *Asi*SI and zeocin induced DSBs in control, BRCA1 and MRE11 depleted cells. Compared to control cells, MRE11/BRCA1 depleted cells exhibited up to an 8-fold reduction in FANCJ localization at the sites of DSBs ([Fig 2B and 2C](#pgen.1008701.g002){ref-type="fig"}, [S2J and S2K Fig](#pgen.1008701.s002){ref-type="supplementary-material"}).

![FANCJ interacts with CtIP in a damage inducible manner and regulates its recruitment to DSBs.\
(A) ER-*Asi*SI U2OS cells depleted of the indicated proteins were treated with 300 nM 4-OHT for 2 h or mock treated, and ChIP assay was performed using antibody directed against FANCJ. (B) ER-*Asi*SI U2OS cells depleted for the indicated proteins were treated with 300 nM 4-OHT for 4 h or mock treated. Cells were fixed and stained with γ-H2AX and FANCJ antibodies. Representative image for γ-H2AX and FANCJ foci are shown. (C) Graph represents the mean fluorescence intensity of γ-H2AX and FANCJ foci/nucleus from indicated cells in (B). N = 3; error bars indicate standard deviation (SD) and statistical significance was measured by two-tailed *Student*'s t-test of unequal variance. \*p \< 0.05; \*\*p \< 0.01; \*\*\*p \< 0.001; N.S., non-significant. (D) ER-*Asi*SI U2OS nuclear extracts were coimmunoprecipitated with FANCJ antibody before and after treatment with 300 nM 4-OHT for 4 h. The blot was probed with antibodies against the indicated proteins. (E) ER-*Asi*SI U2OS nuclear extracts were coimmunoprecipitated with antibodies against FANCJ, BRCA1 and CtIP after treatment with 300 nM 4-OHT for 4 h. The blot was probed with antibodies against the indicated proteins. Lane 1 represents 2.5% of input and Protein A/G Sepharose beads only were used as negative control. (F) FANCJ depleted ER-*Asi*SI U2OS cells were treated with 300 nM 4-OHT for 2 h or mock treated, and ChIP assays were performed using antibody directed against MRE11, CtIP, DNA2, BLM and EXO1. In both (A) and (F), ChIP efficiencies (as percent of input immunoprecipitated) were measured by semiquantitative PCR at 80 bp from *Asi*SI induced DSB1 site. N = 3, with error bars indicating SD and statistical significance was measured by two-tailed *Student*'s t-test of unequal variance. \*p \< 0.05; \*\*p \< 0.01; \*\*\*p \< 0.001; N.S., non-significant. (G) ER-*Asi*SI U2OS cells depleted for FANCJ and CtIP, individually and in combination were treated with 300 nM 4-OHT for 4 h or mock treated and measurement of end resection was carried out adjacent to DSB1 and DSB2 sites as previously mentioned. N = 3; with error bars indicating SD and statistical significance was measured by two-tailed *Student*'s t-test of unequal variance. \*p \< 0.05; \*\*p \< 0.01; \*\*\*p \< 0.001; N.S., non-significant. (H) I-*Sce*I induced GFP+ frequencies (total GFP; overall HR) in U2OS SCR18 cells transfected with shRNAs against FANCJ and CtIP, individually and in combination. \*p \< 0.05; \*\*p \< 0.01; \*\*\*p \< 0.001; N.S., non-significant. (I) Quantification of NHEJ efficiency in cells treated with DNA PKcs inhibitor NU7441 (1 μM) and control or FANCJ depleted cells transfected with *Hin*dIII or I-*Sce*I linearized reporter. N = 3; with error bars indicating SD and statistical significance was measured by two-tailed *Student*'s t-test of unequal variance. \*p \< 0.05; \*\*p \< 0.01; \*\*\*p \< 0.001; N.S., non-significant.](pgen.1008701.g002){#pgen.1008701.g002}

The localization of FANCJ to the sites of DSBs prompted us to investigate whether FANCJ interacts with end resection components before and after inducing DSBs by *Asi*SI. Nuclear fractions of damaged and undamaged cells were subjected to immunoprecipitation (IP) using FANCJ specific antibody. FANCJ immunoprecipitates were subjected to immunoblotting with antibodies to various end resection factors. As reported earlier \[[@pgen.1008701.ref033]\], the interaction of FANCJ with BRCA1, MRE11, BLM, and MLH1 was evident before and after inducing breaks \[[@pgen.1008701.ref033]--[@pgen.1008701.ref036]\] ([Fig 2D](#pgen.1008701.g002){ref-type="fig"}). Notably, FANCJ interacted with CtIP only after inducing DSBs ([Fig 2D](#pgen.1008701.g002){ref-type="fig"}). Reciprocal IP with CtIP also showed FANCJ association ([Fig 2E](#pgen.1008701.g002){ref-type="fig"}). These interactions were direct and not mediated by DNA as we performed IP assays in the presence of benzonase.

Next, we examined whether FANCJ affects the recruitment of CtIP and the nucleases MRE11, DNA2 and EXO1, and BLM helicase. Induction of DSBs with *Asi*SI resulted in 4--6 fold enrichment of MRE11 and CtIP to the DSB1 site. Although the depletion of FANCJ did not affect MRE11 localization, FANCJ deficiency caused \~3-fold reduction in CtIP recruitment ([Fig 2F](#pgen.1008701.g002){ref-type="fig"}). To understand whether FANCJ and CtIP participate in a common pathway of end resection, we measured ssDNA generation by qPCR using a set of primers specific to DSB1 and DSB2 site. The depletion of either FANCJ or CtIP caused a 2--3 fold defect in end resection ([Fig 2G](#pgen.1008701.g002){ref-type="fig"}). Interestingly, the co-depletion of FANCJ with CtIP did not show any further reduction in end resection compared to FANCJ or CtIP depleted cells ([Fig 2G](#pgen.1008701.g002){ref-type="fig"}), indicating that FANCJ and CtIP participate in a common pathway in processing the DSBs. These results were further corroborated with HR reporter assay which showed that co-depletion of FANCJ and CtIP does not cause any further reduction in GFP positive cells compared to FANCJ or CtIP depleted cells ([Fig 2H](#pgen.1008701.g002){ref-type="fig"}). Defect in HR channelizes the breaks for repair via NHEJ \[[@pgen.1008701.ref033], [@pgen.1008701.ref037]\]. Indeed, FANCJ deficient cells exhibit a moderate but significant increase in NHEJ ([Fig 2I](#pgen.1008701.g002){ref-type="fig"}).

CtIP interacts at the C-terminal region of FANCJ {#sec005}
------------------------------------------------

FANCJ interacts with BRCA1, BLM, and MRE11, and this interaction is localized to the C-terminal region (residues 881--1249) of FANCJ \[[@pgen.1008701.ref016]\] ([Fig 3A](#pgen.1008701.g003){ref-type="fig"}). We speculated that CtIP also may be interacting with the C-terminal domain of FANCJ. To test this, we generated shRNA resistant WT-FANCJ and FANCJ C-terminal truncating mutant (CΔ-FANCJ (1--881)), and examined the interaction of FANCJ and CtIP. In agreement with previous studies \[[@pgen.1008701.ref033], [@pgen.1008701.ref035]\], FANCJ lacking C-terminal 368 residues failed to interact with MRE11, BLM, BRCA1, and BARD1 but not with MLH1 ([Fig 3B](#pgen.1008701.g003){ref-type="fig"}). Interestingly, deletion of the C-terminal region abolished the interaction of FANCJ with CtIP ([Fig 3B](#pgen.1008701.g003){ref-type="fig"}), suggesting that C-terminal 368 residues in FANCJ are critical for its interaction with CtIP.

![C-terminus of FANCJ mediates damage induced interaction with CtIP.\
(A) Schematic diagram of FANCJ depicting the conserved helicase domains (I--VI), NLS motif, Fe-S cluster, MLH1 binding site in the N-terminus and the C-terminus that is known to bind BRCA1, MRE11, TOPBP1 and BLM. (B) FANCJ depleted ER-*Asi*SI U2OS cells expressing shRNA resistant 1--881 FANCJ-HA-6xHis (CΔ-FANCJ) mutant were treated with 300 nM 4-OHT for 4 h followed by coimmunoprecipitation of the nuclear extracts with antibodies directed against HA-tag. The blot was probed with antibodies against the indicated proteins. (C) FANCJ depleted ER-*Asi*SI U2OS cells expressing shRNA resistant CΔ-FANCJ mutant were treated with 300 nM 4-OHT for 2 h or mock treated, and ChIP assay was performed using antibody directed against HA-tag. ChIP efficiencies (as percent of input immunoprecipitated) were measured by semiquantitative PCR at 80 bp from *Asi*SI induced DSB1 site. N = 3, with error bars indicating SD and statistical significance was measured by two-tailed *Student*'s t-test of unequal variance. \*p \< 0.05; \*\*p \< 0.01; \*\*\*p \< 0.001; N.S., non-significant. (D) FANCJ depleted ER-*Asi*SI U2OS cells expressing shRNA resistant CΔ-FANCJ mutant were treated with 300 nM 4-OHT for 4 h or mock treated and measurement of end resection was carried out adjacent to DSB1 and DSB2 sites as previously mentioned. N = 3; with error bars indicating SD and statistical significance was measured by two-tailed *Student*'s t-test of unequal variance. \*p \< 0.05; \*\*p \< 0.01; \*\*\*p \< 0.001; N.S., non-significant. (E) To measure end resection by BrdU staining, FANCJ depleted ER-*Asi*SI U2OS cells expressing shRNA resistant WT and CΔ-FANCJ-HA-6xHis mutant was pre-labelled with BrdU for 24 h followed by treatment with 300 nM 4-OHT for 4 h or mock treated. Cells were fixed and stained with BrdU antibodies in native conditions to selectively detect ssDNA generated by end resection. CENP-F was used as an S/G2 phase marker to specifically examine DNA end resection during HR. Representative image for BrdU foci is shown. (F) Graph represents mean BrdU intensity from indicated samples in (E). N = 3; error bars indicate standard deviation (SD) and statistical significance was measured by two-tailed *Student*'s t-test of unequal variance. \*p \< 0.05; \*\*p \< 0.01; \*\*\*p \< 0.001; N.S., non-significant. (G) Survival efficiency of FANCJ depleted ER-*Asi*SI U2OS cells expressing shRNA resistant WT and CΔ-FANCJ mutant in response to *Asi*SI induced breaks.](pgen.1008701.g003){#pgen.1008701.g003}

Next, we examined whether FANCJ C-terminal mutant is competent to load on to the sites of DSBs. Consistent with earlier data ([Fig 2A](#pgen.1008701.g002){ref-type="fig"}), the induction of DSBs with *Asi*SI caused \~10 fold increase in the localization of FANCJ to the DSB1 site ([Fig 3C](#pgen.1008701.g003){ref-type="fig"}). However, under similar conditions, CΔ-FANCJ failed to localize to the *Asi*SI induced DSB site, suggesting that FANCJ recruitment to the sites of DSBs is mediated via the C-terminal region of FANCJ. Failure in the localization of CΔ-FANCJ also affected ssDNA generation at DSB1 and DSB2 site ([Fig 3D](#pgen.1008701.g003){ref-type="fig"}). Similarly, \~6 fold reduction in BrdU intensity was evident in cells expressing CΔ-FANCJ compared to WT cells ([Fig 3E and 3F](#pgen.1008701.g003){ref-type="fig"}). Consistent with end resection defect, FANCJ deficient or CΔ-FANCJ expressing cells exhibited a high degree of cell death compared to control cells in response to *Asi*SI induced breaks ([Fig 3G](#pgen.1008701.g003){ref-type="fig"}).

Phosphorylation of FANCJ is essential for CtIP interaction and to promote DNA end resection {#sec006}
-------------------------------------------------------------------------------------------

FANCJ S990 has been shown to be a phosphorylation target by CDK \[[@pgen.1008701.ref038]\]. To investigate whether FANCJ phosphorylation is important for CtIP association and end resection, we expressed shRNA resistant FANCJ S990A phosphodeficient and FANCJ S990E phosphomimetic mutant and studied the interaction of FANCJ with CtIP ([S3A Fig](#pgen.1008701.s003){ref-type="supplementary-material"}). Compared to control cells, expression of FANCJ S990A mutant abolished the physical association with CtIP and BRCA1 ([Fig 4A](#pgen.1008701.g004){ref-type="fig"}). Similarly, this mutant was defective in its ability to localize to DSB1 and facilitate end resection ([Fig 4B and 4C](#pgen.1008701.g004){ref-type="fig"}). Consistently, a significant reduction in BrdU positive cells was evident in cells expressing FANCJ phosphomutant ([Fig 4D and 4E](#pgen.1008701.g004){ref-type="fig"}). In contrast, FANCJ S990E was competent to bind with CtIP and BRCA1 and promoted efficient ssDNA generation at DSB1 and DSB2 site ([Fig 4A--4E](#pgen.1008701.g004){ref-type="fig"}). In agreement with these observations, FANCJ phosphomutant cells displayed survival defect compared to control cells in response to *Asi*SI induced DSBs ([Fig 4F](#pgen.1008701.g004){ref-type="fig"}). These data suggest that FANCJ phosphorylation is crucial for its interaction with CtIP and to promote DNA end resection.

![FANCJ S990 Phosphorylation is essential for CtIP interaction.\
(A) FANCJ depleted ER-*Asi*SI U2OS cells expressing shRNA resistant S990A and S990E FANCJ-HA-6x His mutants were treated with 300 nM 4-OHT for 4 h followed by coimmunoprecipitation of the nuclear extracts with antibodies directed against HA-tag. The blot was probed with antibodies against the indicated proteins. (B) FANCJ depleted ER-*Asi*SI U2OS cells expressing shRNA resistant S990A and S990E FANCJ-HA-6xHis mutants were treated with 300 nM 4-OHT for 2 h or mock treated, and ChIP assay was performed using antibody directed against HA-tag. ChIP efficiencies (as percent of input immunoprecipitated) were measured by semiquantitative PCR at 80 bp from *Asi*SI induced DSB1 site. N = 3, with error bars indicating SD and statistical significance was measured by two-tailed *Student*'s t-test of unequal variance. \*p \< 0.05; \*\*p \< 0.01; \*\*\*p \< 0.001; N.S., non-significant. (C) FANCJ depleted ER-*Asi*SI U2OS cells expressing shRNA resistant S990A, S990E and CΔ-FANCJ-HA-6xHis mutants were treated with 300 nM 4-OHT for 4 h or mock treated and measurement of end resection was carried out adjacent to DSB1 and DSB2 sites as previously mentioned. N = 3; with error bars indicating SD and statistical significance was measured by two-tailed *Student*'s t-test of unequal variance. \*p \< 0.05; \*\*p \< 0.01; \*\*\*p \< 0.001; N.S., non-significant. (D) To measure end resection by BrdU staining, FANCJ depleted ER-*Asi*SI U2OS cells expressing shRNA resistant WT, S990A and S990E FANCJ-HA-6xHis mutants were pre-labelled with BrdU for 24 h followed by treatment with 300 nM 4-OHT for 4 h or mock treated. Cells were fixed and stained with BrdU antibodies in native conditions to selectively detect ssDNA generated by end resection. CENP-F was used as an S/G2 phase marker to specifically examine DNA end resection during HR. Representative image for BrdU foci is shown. (E) Graph represents mean BrdU intensity from indicated samples in (D). N = 3; error bars indicate standard deviation (SD) and statistical significance was measured by two-tailed *Student*'s t-test of unequal variance. \*p \< 0.05; \*\*p \< 0.01; \*\*\*p \< 0.001; N.S., non-significant. (F) Survival efficiency of FANCJ depleted ER-*Asi*SI U2OS cells expressing shRNA resistant WT, S990A and S990E FANCJ mutants in response to *Asi*SI induced breaks.](pgen.1008701.g004){#pgen.1008701.g004}

FANCJ acetylation is crucial for its interaction with CtIP and for end resection {#sec007}
--------------------------------------------------------------------------------

FANCJ K1249 residue has been shown to undergo acetylation and this modification has been implicated in DNA end processing and checkpoint activation \[[@pgen.1008701.ref039]\]. To gain further insights into the role of FANCJ acetylation in end resection, we generated shRNA resistant FANCJ K1249R acetylation mutant and acetylation mimicking FANCJ K1249Q mutant ([S3B Fig](#pgen.1008701.s003){ref-type="supplementary-material"}). Compared to control cells, FANCJ K1249R was defective in its interaction with CtIP but was competent to bind BRCA1 ([Fig 5A](#pgen.1008701.g005){ref-type="fig"}) and localize to the sites of DSBs ([Fig 5B](#pgen.1008701.g005){ref-type="fig"}). However, it was incompetent to support DNA end resection ([Fig 5C](#pgen.1008701.g005){ref-type="fig"}). Similarly, FANCJ acetylation mutant cells exhibited \~4 fold reduction in BrdU intensity compared to control cells ([Fig 5D and 5E](#pgen.1008701.g005){ref-type="fig"}). This mutant also showed a reduction in repair efficiency by HR and an increase in NHEJ as well as survival defect ([Fig 5F--5H](#pgen.1008701.g005){ref-type="fig"}). In contrast, acetylation mimicking FANCJ mutant (K1249Q) was able to interact with CtIP and bind to the DSB sites but showed a moderate defect in DNA end resection ([Fig 5A--5C](#pgen.1008701.g005){ref-type="fig"}). Consistently, this mutant exhibited significant repair efficiency by HR and cell survival ([Fig 5F--5H](#pgen.1008701.g005){ref-type="fig"}). These data suggest that the acetylation of FANCJ at K1249 is important for its association with CtIP and for mediating DNA end resection.

![FANCJ K1249 Acetylation is essential for CtIP interaction.\
(A) FANCJ depleted ER-*Asi*SI U2OS cells expressing shRNA resistant K1249R and K1249Q FANCJ-HA-6xHis mutants were treated with 300 nM 4-OHT for 4 h followed by coimmunoprecipitation of the nuclear extracts with antibodies directed against HA-tag. The blot was probed with antibodies against the indicated proteins. (B) FANCJ depleted ER-*Asi*SI U2OS cells expressing shRNA resistant K1249R and K1249Q FANCJ-HA-6xHis mutants were treated with 300 nM 4-OHT for 2 h or mock treated, and ChIP assay was performed using antibody directed against HA-tag. ChIP efficiencies (as percent of input immunoprecipitated) were measured by semiquantitative PCR at 80 bp from *Asi*SI induced DSB1 site. N = 3, with error bars indicating SD and statistical significance was measured by two-tailed *Student*'s t-test of unequal variance. \*p \< 0.05; \*\*p \< 0.01; \*\*\*p \< 0.001; N.S., non-significant. (C) FANCJ depleted ER-*Asi*SI U2OS cells expressing shRNA resistant K1249R, K1249Q and CΔ-FANCJ-HA-6xHis mutants were treated with 300 nM 4-OHT for 4 h or mock treated and measurement of end resection was carried out adjacent to DSB1 and DSB2 sites as previously mentioned. N = 3; with error bars indicating SD and statistical significance was measured by two-tailed *Student*'s t-test of unequal variance. \*p \< 0.05; \*\*p \< 0.01; \*\*\*p \< 0.001; N.S., non-significant. (D) To measure end resection by BrdU staining, FANCJ depleted ER-*Asi*SI U2OS cells expressing shRNA resistant WT, K1249R and K1249Q FANCJ-HA-6xHis mutants were pre-labelled with BrdU for 24 h followed by treatment with 300 nM 4-OHT for 4 h or mock treated. Cells were fixed and stained with BrdU antibodies in native conditions to selectively detect ssDNA generated by end resection. CENP-F was used as an S/G2 phase marker to specifically examine DNA end resection during HR. Representative image for BrdU foci is shown. (E) Graph represents mean BrdU intensity from indicated samples in (D). N = 3; error bars indicate standard deviation (SD) and statistical significance was measured by two-tailed *Student*'s t-test of unequal variance. \*p \< 0.05; \*\*p \< 0.01; \*\*\*p \< 0.001; N.S., non-significant. (F) I-*Sce*I induced GFP+ frequencies (total GFP; overall HR) in FANCJ depleted U2OS SCR18 cells expressing shRNA resistant WT, K1249R and K1249Q FANCJ-HA-6xHis mutants. \*p \< 0.05; \*\*p \< 0.01; \*\*\*p \< 0.001; N.S., non-significant. (G) Quantification of NHEJ efficiency in FANCJ depleted U2OS cells expressing shRNA resistant WT, K1249R and K1249Q FANCJ-HA-6xHis mutants transfected with *Hin*dIII linearized NHEJ reporter. N = 3; with error bars indicating SD and statistical significance was measured by two-tailed *Student*'s t-test of unequal variance. \*p \< 0.05; \*\*p \< 0.01; \*\*\*p \< 0.001; N.S., non-significant. (H) Survival efficiency of FANCJ depleted ER-*Asi*SI U2OS cells expressing shRNA resistant WT, K1249R and K1249Q FANCJ mutants in response to *Asi*SI induced breaks.](pgen.1008701.g005){#pgen.1008701.g005}

Acetylation of FANCJ is dependent on its phosphorylation at S990 {#sec008}
----------------------------------------------------------------

To understand the mechanism underlying FANCJ modification in CtIP interaction and processing of DSBs, we examined whether FANCJ acetylation is dependent on phosphorylation of FANCJ by CDK. We carried out pull-down experiments with cells expressing FANCJ S990A and FANCJ K1249R mutants and analysed FANCJ acetylation in comparison with WT cells. Notably, FANCJ acetylation was abrogated in cells expressing FANCJ S990A mutant ([Fig 6A](#pgen.1008701.g006){ref-type="fig"}), suggesting that FANCJ phosphorylation is crucial for acetylation of FANCJ, and its interaction with CtIP and ssDNA generation. To investigate whether FANCJ interaction with CtIP is exclusively mediated by acetylation or whether FANCJ phosphorylation is also involved in CtIP interaction, we performed IP experiments with cells expressing FANCJ S990A/K1249Q and FANCJ S990E/K1249R double mutants. Cells expressing FANCJ phosphorylation and acetylation mimicking mutant (S990A/K1249Q) showed interaction with CtIP ([Fig 6A](#pgen.1008701.g006){ref-type="fig"}). Interestingly, FANCJ phosphomimicking and acetylation deficient (S990E/K1249R) mutant was devoid of its interaction with CtIP ([Fig 6A](#pgen.1008701.g006){ref-type="fig"}), indicating that FANCJ-CtIP interaction is exclusively dependent on FANCJ acetylation at K1249.

![FANCJ phosphorylation at S990 is a prerequisite for its acetylation at K1249.\
(A) Nuclear extracts of FANCJ depleted ER-*Asi*SI U2OS cells expressing FANCJ HA-6xHis single mutants (S990A, S990E, K1249R, K1249Q) and double mutants (S990A/K1249R, S990A/K1249Q, S990E/K1249Q and S990E/K1249R) were co-immunoprecipitated with antibodies against HA-tag after treatment with 300 nM 4-OHT for 4 h. The blot was probed with antibodies against the indicated proteins. (B) FANCJ depleted ER-*Asi*SI U2OS cells expressing shRNA resistant S990A, S990E, K1249R and K1249Q FANCJ-HA-6xHis mutants were treated with 300 nM 4-OHT for 2 h or mock treated, and ChIP assay was performed using antibody directed against CtIP. ChIP efficiencies (as percent of input immunoprecipitated) were measured by semiquantitative PCR at 80 bp from *Asi*SI induced DSB1 site. N = 3, with error bars indicating SD and statistical significance was measured by two-tailed *Student*'s t-test of unequal variance. \*p \< 0.05; \*\*p \< 0.01; \*\*\*p \< 0.001; N.S., non-significant.](pgen.1008701.g006){#pgen.1008701.g006}

To gain mechanistic insights into CtIP recruitment via FANCJ, we tested the efficiency of CtIP recruitment to the sites of DSBs in cells expressing FANCJ phosphorylation and acetylation mutants and compared it with WT cells. FANCJ S990A mutant which is defective in its interaction with BRCA1 and CtIP showed \~3 fold reduction in CtIP recruitment similar to the FANCJ depleted cells ([Fig 6B](#pgen.1008701.g006){ref-type="fig"}). In contrast, FANCJ S990E phosphomimetic mutant that is competent in binding to BRCA1 and CtIP exhibited near WT recruitment of CtIP to the DSB1 site. Analysis of FANCJ acetylation mutant (FANCJ K1249R) revealed that this mutant was defective in CtIP loading but acetylation mimicking FANCJ K1249Q mutant was competent to recruit CtIP to a similar extent as that of the WT FANCJ ([Fig 6B](#pgen.1008701.g006){ref-type="fig"}). These data suggest that both phosphorylation and acetylation of FANCJ plays an important role in CtIP recruitment and end resection.

BRCA1 is dispensable for interaction of FANCJ with CtIP {#sec009}
-------------------------------------------------------

A previous study showed that BRCA1 forms a complex with CtIP \[[@pgen.1008701.ref040]\], and FANCJ also interacts with BRCA1 upon phosphorylation at S990 residue \[[@pgen.1008701.ref038]\]. Interestingly, BRCA1 immunocomplex showed interaction with FANCJ and CtIP ([Fig 2E](#pgen.1008701.g002){ref-type="fig"}). Strikingly, BRCA1-CtIP interaction was not perturbed in FANCJ depleted cells ([Fig 7A](#pgen.1008701.g007){ref-type="fig"}). However, to investigate whether FANCJ and CtIP interact independently of BRCA1, we carried out IP experiments with CtIP and FANCJ specific antibodies after inducing DSBs by *Asi*SI and analysed the FANCJ-CtIP complexes in control and BRCA1 depleted cells. CtIP immunoprecipitates with FANCJ and this interaction was not perturbed in the BRCA1 depleted cells ([Fig 7B](#pgen.1008701.g007){ref-type="fig"}). Similarly, compared to control cells, BRCA1 depletion did not affect FANCJ interaction with CtIP ([Fig 7B](#pgen.1008701.g007){ref-type="fig"}), indicating that FANCJ can efficiently form complex with CtIP in the absence of BRCA1.

![Interaction of FANCJ with CtIP is independent of BRCA1.\
(A) FANCJ depleted ER-*Asi*SI U2OS nuclear extracts were coimmunoprecipitated with antibodies against BRCA1 and CtIP after treatment with 300 nM 4-OHT for 4 h. The blot was probed with antibodies against the indicated proteins. (B) ER-*Asi*SI U2OS cells depleted of BRCA1 were treated with 300 nM 4-OHT for 4 h followed by coimmunoprecipitation of the nuclear extracts with antibodies directed against FANCJ and CtIP. The blot was probed with antibodies against the indicated proteins. (C) FANCJ depleted HCC1937 cells expressing shRNA resistant S990A and S990E FANCJ-HA-6xHis mutants with or without complementation with wt-BRCA1 cDNA were exposed to γ-Irradiation (10 Gy) and recovered for 1 h followed by coimmunoprecipitation of the nuclear extracts with antibodies directed against HA-tag. The blot was probed with antibodies against the indicated proteins. (D) Nuclear extracts of FANCJ depleted HCC1937 cells expressing shRNA resistant S990A, S990E, K1249Q and K1249R FANCJ-HA-6xHis mutants were subjected to co-immunoprecipitation with antibodies against HA-tag. The blot was probed with antibodies against the indicated proteins. (E) FANCJ depleted HCC1937 cells expressing shRNA resistant S990A, S990E, K1249Q and K1249R FANCJ-HA-6xHis mutants were exposed to γ-irradiation (10 Gy) and recovered for 1 h followed by co-immunoprecipitation of the nuclear extracts with antibodies against HA-tag. The blot was probed with antibodies against the indicated proteins.](pgen.1008701.g007){#pgen.1008701.g007}

CtIP has been shown to bind with BRCT repeats in the C-terminal region of BRCA1 \[[@pgen.1008701.ref040]\]. FANCJ also interacts with BRCA1 BRCT motifs upon phosphorylation at S990 by CDK \[[@pgen.1008701.ref038]\]. Data in [Fig 6A](#pgen.1008701.g006){ref-type="fig"} clearly shows that CtIP interacts with FANCJ upon acetylation which is, in turn, dependent on phosphorylation of FANCJ at S990 after inducing breaks with *Asi*SI. To investigate whether FANCJ interaction with BRCA1 via S990 phosphorylation of FANCJ is a prerequisite for FANCJ acetylation and CtIP interaction, we carried out our studies with BRCA1 deficient HCC1937 cells. Interestingly, FANCJ was proficient in interacting with CtIP in HCC1937 cells upon induction of DSBs by IR and this association was again dependent on FANCJ S990 phosphorylation and acetylation ([Fig 7C](#pgen.1008701.g007){ref-type="fig"}). These data suggest that FANCJ interaction with BRCA1 is dispensable for FANCJ acetylation and its association with CtIP.

To investigate whether acetylation dependent interaction of FANCJ with CtIP is DSB specific or FANCJ acetylation can independently mediate CtIP interaction in the absence of DSBs, we carried out IP experiments for FANCJ acetylation mimicking (K1249Q) mutant and studied its interaction with CtIP. Interestingly, this mutant was able to interact with CtIP, suggesting that FANCJ interaction with CtIP is acetylation dependent ([Fig 7D](#pgen.1008701.g007){ref-type="fig"}). However, FANCJ acetylation was observed upon induction of DSBs but was absent in the undamaged cells ([Fig 7D and 7E](#pgen.1008701.g007){ref-type="fig"}), implying that DSB induces FANCJ acetylation which is required for CtIP interaction.

FANCJ promotes end resection in a manner independent of BRCA1-CtIP complex {#sec010}
--------------------------------------------------------------------------

CtIP has been shown to interact with BRCA1 upon phosphorylation at S327 by CDK2 \[[@pgen.1008701.ref041]\]. To investigate whether FANCJ mediated end resection is independent of the BRCA1-CtIP complex, we generated CtIP S327A phosphodefective mutant and analysed its ability to interact with FANCJ and promote end resection. Consistent with a previous study \[[@pgen.1008701.ref041]\], CtIP S327A mutant was defective with its interaction with BRCA1 ([Fig 8A](#pgen.1008701.g008){ref-type="fig"}). Interestingly, this mutant was competent to bind with FANCJ and localizing to the sites of DSBs ([Fig 8B](#pgen.1008701.g008){ref-type="fig"}), and to promote end resection ([Fig 8C](#pgen.1008701.g008){ref-type="fig"}). However, upon depletion of FANCJ, CtIP phosphomutant was unable to localize to the DSBs and promote end resection ([Fig 8B and 8C](#pgen.1008701.g008){ref-type="fig"}). These data suggest that FANCJ-CtIP mediated DNA end resection is independent of the BRCA1-CtIP complex.

![FANCJ mediated end resection is independent of BRCA1-CtIP complex.\
(A) CtIP depleted ER-*Asi*SI U2OS cells expressing shRNA resistant S327A and T847A GFP-CtIP mutants were treated with 300 nM 4-OHT for 4 h followed by coimmunoprecipitation of the nuclear extracts with antibodies directed against GFP-tag. The blot was probed with antibodies against the indicated proteins. (B) CtIP depleted ER-*Asi*SI U2OS cells expressing shRNA resistant S327A and T847A GFP-CtIP mutants were further transfected with shControl or shFANCJ \#1 followed by treatment with 300 nM 4-OHT for 2 h or mock treated. ChIP assay was performed using antibody directed against GFP-tag and ChIP efficiencies (as percent of input immunoprecipitated) were measured by semiquantitative PCR at 80 bp from *Asi*SI induced DSB1 site. N = 3, with error bars indicating SD and statistical significance was measured by two-tailed *Student*'s t-test of unequal variance. \*p \< 0.05; \*\*p \< 0.01; \*\*\*p \< 0.001; N.S., non-significant. (C) CtIP depleted ER-*Asi*SI U2OS cells expressing shRNA resistant S327A and T847A GFP-CtIP mutants were further transfected with shControl or shFANCJ \#1 followed by treatment with 300 nM 4-OHT for 4 h or mock treated. Measurement of end resection was carried out adjacent to DSB1 site as previously mentioned. N = 3; with error bars indicating SD and statistical significance was measured by two-tailed *Student*'s t-test of unequal variance. \*p \< 0.05; \*\*p \< 0.01; \*\*\*p \< 0.001; N.S., non-significant. (D) ER-AsiSI U2OS cells depleted for FANCJ and BRCA1, individually and in combination were treated with 300 nM 4-OHT for 4 h or mock treated and measurement of end resection was carried out adjacent to DSB1 and DSB2 sites as previously mentioned. N = 3; with error bars indicating SD and statistical significance was measured by two-tailed Student's t-test of unequal variance. \*p \< 0.05; \*\*p \< 0.01; \*\*\*p \< 0.001; N.S., non-significant.](pgen.1008701.g008){#pgen.1008701.g008}

Although CtIP can independently interact with FANCJ in the absence of BRCA1, FANCJ localization to DSB sites was dependent on BRCA1 ([Fig 2A](#pgen.1008701.g002){ref-type="fig"}). To test whether BRCA1 and FANCJ participate in the common pathway of DNA end resection, we measured ssDNA generation by depleting BRCA1 and FANCJ individually and compared the DNA end resection upon co-depletion of FANCJ and BRCA1. Depletion of either FANCJ or BRCA1 caused defect in end resection to a similar extent ([Fig 8D](#pgen.1008701.g008){ref-type="fig"}). However, strikingly, the co-depletion of BRCA1 with FANCJ did not show any further reduction in ssDNA generation ([Fig 8D](#pgen.1008701.g008){ref-type="fig"}), indicating that FANCJ and BRCA1 participate in the same pathway to mediate DNA end resection.

CtIP T847 is also a phosphorylation target by CDK2 and this phosphorylation is critical for CtIP mediated end resection \[[@pgen.1008701.ref042]\]. To test the role of CtIP T847 phosphorylation in FANCJ mediated end resection, we generated CtIP T847A phosphomutant and investigated its interaction with FANCJ. IP studies revealed that CtIP T847A mutant was able to interact with FANCJ ([Fig 8A](#pgen.1008701.g008){ref-type="fig"}) and localize to DSBs ([Fig 8B](#pgen.1008701.g008){ref-type="fig"}) but was defective for promoting end resection ([Fig 8C](#pgen.1008701.g008){ref-type="fig"}), suggesting that defect associated with CtIP T847A mutant is not due to its inability to interact with FANCJ but likely due to its catalytic inefficiency.

Helicase activity is important for FANCJ mediated DNA end resection {#sec011}
-------------------------------------------------------------------

FANCJ mediated CtIP recruitment and ssDNA generation indicates the structural role of FANCJ in mediating DNA end resection. However, to test whether FANCJ has a catalytic role in promoting DNA end resection, we expressed shRNA resistant helicase defective FANCJ K52A and FANCJ K52R mutants and examined CtIP interaction and ssDNA generation ([S3C Fig](#pgen.1008701.s003){ref-type="supplementary-material"}). Consistent with the previous observation, FANCJ K52A and K52R mutants were efficient in their interaction with BRCA1 \[[@pgen.1008701.ref019]\] ([Fig 9A](#pgen.1008701.g009){ref-type="fig"}). However, interestingly, these mutants were competent in binding to CtIP and localise at the sites of DSBs ([Fig 9A and 9B](#pgen.1008701.g009){ref-type="fig"}). FANCJ K52 is a Walker A motif lysine residue which is important for ATP binding and hydrolysis \[[@pgen.1008701.ref043]\]. FANCJ K52A is expected to impede both ATP binding and hydrolysis. In contrast, FANCJ K52R is ATP binding competent but is defective for its hydrolysis. An earlier study showed that FANCJ K52A mutant exhibits more severe defect in HR than ATP binding competent FANCJ K52R mutant \[[@pgen.1008701.ref019]\]. To further understand the ATPase/helicase function of FANCJ in CtIP recruitment and DNA end resection, we analysed the loading of CtIP at the *Asi*SI induced DSB1 site. Strikingly, FANCJ K52A and K52R mutants were proficient in recruiting CtIP to the damaged sites ([Fig 9D](#pgen.1008701.g009){ref-type="fig"}). Analyses of ssDNA generation at *Asi*SI induced DSB1 and DSB2 sites showed that FANCJ K52A mutant is defective in DNA end resection similar to FANCJ depleted cells ([Fig 9E](#pgen.1008701.g009){ref-type="fig"}). However, compared to control cells, ATP binding competent FANCJ K52R mutant showed a moderate defect in DNA end resection ([Fig 9E](#pgen.1008701.g009){ref-type="fig"}). Consistently, FANCJ K52A and K52R mutants showed a severe and moderate defect, respectively in BrdU intensity as well as cell survival in response to *Asi*SI induced breaks ([Fig 9F--9H](#pgen.1008701.g009){ref-type="fig"}). These data suggest that in addition to having an adaptor role in recruiting CtIP, ATPase/helicase function of FANCJ plays an important role in facilitating DNA end resection.

![FANCJ ATPase/Helicase activity is essential for DNA end resection.\
(A) FANCJ depleted ER-*Asi*SI U2OS cells expressing shRNA resistant K52A and K52R FANCJ-HA-6xHis mutants were treated with 300 nM 4-OHT for 4 h followed by coimmunoprecipitation of the nuclear extracts with antibodies directed against HA-tag. The blot was probed with antibodies against the indicated proteins. (B) FANCJ depleted ER-*Asi*SI U2OS cells expressing shRNA resistant K52A and K52R FANCJ-HA-6xHis mutants were treated with 300 nM 4-OHT for 2 h or mock treated, and ChIP assay was performed using antibody directed against HA-tag. ChIP efficiencies (as percent of input immunoprecipitated) were measured by semiquantitative PCR at 80 bp from *Asi*SI induced DSB1 site. N = 3, with error bars indicating SD and statistical significance was measured by two-tailed *Student*'s t-test of unequal variance. \*p \< 0.05; \*\*p \< 0.01; \*\*\*p \< 0.001; N.S., non-significant. (C) Nuclear extracts of FANCJ depleted ER-*Asi*SI U2OS cells expressing shRNA resistant K52A, K1249R and K52A/K1249R FANCJ-HA-6xHis mutants were subjected to co-immunoprecipitation with antibodies against HA-tag. The blot was probed with antibodies against the indicated proteins. (D) FANCJ depleted ER-*Asi*SI U2OS cells expressing shRNA resistant K52A, K52R, K1249R and K52A/K1249R FANCJ-HA-6xHis mutants were treated with 300 nM 4-OHT for 2 h or mock treated, and ChIP assay was performed using antibody against CtIP. ChIP efficiencies (as percent of input immunoprecipitated) were measured by semiquantitative PCR at 80 bp from *Asi*SI induced DSB1 site. N = 3, with error bars indicating SD and statistical significance was measured by two-tailed *Student*'s t-test of unequal variance. \*p \< 0.05; \*\*p \< 0.01; \*\*\*p \< 0.001; N.S., non-significant. (E) FANCJ depleted ER-*Asi*SI U2OS cells expressing shRNA resistant K52A, K52R, S990A and K52A/K1249R FANCJ-HA-6xHis mutants were treated with 300 nM 4-OHT for 4 h or mock treated and measurement of end resection was carried out adjacent to DSB1 and DSB2 sites as previously mentioned. N = 3; with error bars indicating SD and statistical significance was measured by two-tailed *Student*'s t-test of unequal variance. \*p \< 0.05; \*\*p \< 0.01; \*\*\*p \< 0.001; N.S., non-significant. (F) To measure end resection by BrdU staining, FANCJ depleted ER-*Asi*SI U2OS cells expressing shRNA resistant WT, K52A and K52R FANCJ-HA-6xHis mutants were pre-labelled with BrdU for 24 h followed by treatment with 300 nM 4-OHT for 4 h or mock treated. Cells were fixed and stained with BrdU antibodies in native conditions to selectively detect ssDNA generated by end resection. CENP-F was used as an S/G2 phase marker to specifically examine DNA end resection during HR. Representative image for BrdU foci is shown. (G) Graph represents mean BrdU intensity from indicated samples in (F). N = 3; error bars indicate standard deviation (SD) and statistical significance was measured by two-tailed *Student*'s t-test of unequal variance. \*p \< 0.05; \*\*p \< 0.01; \*\*\*p \< 0.001; N.S., non-significant. (H) Survival efficiency of FANCJ depleted ER-*Asi*SI U2OS cells expressing shRNA resistant WT, K52A and K52R FANCJ mutants in response to *Asi*SI induced breaks.](pgen.1008701.g009){#pgen.1008701.g009}

To gain further insights into whether FANCJ mediated CtIP recruitment alone is sufficient or CtIP recruitment coupled with helicase activity of FANCJ is required for DNA end resection, we analysed CtIP loading at the *Asi*SI induced DSB1 site in cells expressing FANCJ K52A/K1249R double mutant and compared with single mutants. Interestingly, cells expressing FANCJ K52A/K1249R showed a defect in interaction with CtIP and its recruitment similar to FANCJ K1249R single mutant ([Fig 9C and 9D](#pgen.1008701.g009){ref-type="fig"}). However, consistent with the data presented in [Fig 9A](#pgen.1008701.g009){ref-type="fig"}, FANCJ K52A mutant was competent to bind and recruit CtIP ([Fig 9C and 9D](#pgen.1008701.g009){ref-type="fig"}). Analyses of end resection showed that cells expressing FANCJ K52A/K1249R was defective in ssDNA generation similar to the FANCJ K52A mutant ([Fig 9E](#pgen.1008701.g009){ref-type="fig"}). Together, these data suggest that in addition to FANCJ mediated CtIP recruitment, its helicase activity is critical for promoting DNA end resection.

Discussion {#sec012}
==========

DNA end resection that occurs in cell cycle specific manner is a prerequisite for the repair of DSBs by HR \[[@pgen.1008701.ref044]\]. Although FANCJ has been shown to play an important role in the repair of DSBs by sister chromatid recombination (SCR) and in the suppression of SCR associated gene amplification \[[@pgen.1008701.ref019]\], the precise mechanism by which FANCJ regulates HR is elusive. Here, we find that FANCJ participates in DNA end resection by recruiting CtIP to the sites of DSBs. The association of CtIP with FANCJ is dependent on FANCJ K1249 acetylation which is mediated by CDK dependent phosphorylation of FANCJ. However, FANCJ interaction with BRCA1 is dispensable for FANCJ acetylation and its interaction with CtIP. Notably, FANCJ promotes end resection in a manner independent of the BRCA1-CtIP complex. In addition to the scaffolding role, FANCJ helicase activity is also important for DNA end resection. Together, our work identifies a novel function of FANCJ helicase in DNA end resection and provides mechanistic basis of FANCJ as an important regulator of DSB processing during HR repair.

Similar to canonical DNA end resection factors such as MRE11, CtIP, and BLM \[[@pgen.1008701.ref011], [@pgen.1008701.ref012]\], FANCJ depleted cells showed dysregulated ssDNA formation after *Asi*SI induced breaks. This observation was further corroborated by quantitative measurement of DNA end resection at two DSB loci in chromosome 1. FANCJ deficient cells exhibited a 2--3 fold reduction in DNA end resection that was measured in the range of 130bp to 3.5 kb, clearly indicating the role of FANCJ in DSB processing. Initiation of end resection occurs by the assembly of multiple factors such as MRE11, CtIP, EXO1, DNA2 and BLM to the sites of DSBs \[[@pgen.1008701.ref012]\]. Chromatin IP studies reveal damage specific enrichment of FANCJ at DSB sites similar to MRE11 and CtIP, and this recruitment was affected by BRCA1 depletion and to a lesser extent by MRE11 depletion but not by CtIP or BLM. Indeed, FANCJ localization to the DSB sites but not to ICL lesions has been shown to be dependent on MRE11 \[[@pgen.1008701.ref033]\]. In agreement with the previous study \[[@pgen.1008701.ref033]\], MRE11 binds to the C-terminal region of FANCJ. It is likely that MRE11 localization to the DSB sites recruits FANCJ via its interaction at the C-terminus of FANCJ.

CtIP and its functional orthologs in various organisms play a key role in DNA end resection by binding to DNA ends and serving as a cofactor in MRE11 mediated end resection \[[@pgen.1008701.ref045], [@pgen.1008701.ref046]\]. MRE11, BRCA1 tumor suppressor, and BLM helicase interact with the C-terminus of FANCJ \[[@pgen.1008701.ref016]\]. Interestingly, we find that CtIP also binds to the C-terminal region of FANCJ upon DSB induction, and deletion of 368 residues from the C-terminal end of FANCJ affected its physical association with CtIP, recruitment to DSB sites and end resection ability to a similar extent as that of FANCJ deficient cells. FANCJ S990 is a phosphorylation target by CDK and this phosphorylation is crucial for its interaction with BRCA1 at damaged sites \[[@pgen.1008701.ref038]\]. Expression of FANCJ S990A mutant abrogated CtIP interaction but not MRE11 and BLM. Moreover, this mutant failed to assemble at damaged sites and promote end resection. However, this deficiency was rescued by the expression of FANCJ S990E phosphomimetic mutant, indicating that FANCJ S990 phosphorylation is critical for FANCJ recruitment to DSB sites and interaction with CtIP to facilitate DNA end resection ([Fig 10](#pgen.1008701.g010){ref-type="fig"}).

![A model to depict FANCJ mediated DNA end resection.\
CDK catalyzes FANCJ S990 phosphorylation during S-phase which facilitates FANCJ acetylation and CtIP interaction in a DSB specific manner. FANCJ-CtIP complexes are recruited to DSBs via BRCA1which is mediated by CDK dependent phosphorylation of FANCJ at S990. Loading of FANCJ-CtIP complexes to DSBs drives DNA end resection and promotes HR.](pgen.1008701.g010){#pgen.1008701.g010}

FANCJ K1249 has been shown to be an acetylation target by CBP and this modification is required for FANCJ mediated DNA damage responses \[[@pgen.1008701.ref039]\]. Our data shows that FANCJ acetylation is critical for CtIP interaction but not for its association with MRE11, BRCA1, and BLM. Interestingly, FANCJ acetylation defective mutant was competent to bind to damaged sites but was defective with end resection, implying that this mutant was competent for phosphorylation by CDK and its interaction with BRCA1. Notably, FANCJ S990A mutant was defective for acetylation and thereby affected FANCJ interaction with CtIP and FANCJ mediated end resection ([Fig 10](#pgen.1008701.g010){ref-type="fig"}). Our analysis with BRCA1 deficient HCC1937 cells revealed that FANCJ interaction with BRCA1 is not critical for K1249 acetylation and its association with CtIP. These data clearly suggest that FANCJ S990 phosphorylation by CDK mediates acetylation at K1249 in response to DSBs ([Fig 10](#pgen.1008701.g010){ref-type="fig"}). However, IP studies with FANCJ double mutants indicate that the physical interaction of CtIP with FANCJ is exclusively dependent on its acetylation but not by phosphorylation. However, further studies are required to understand the molecular mechanism underlying phosphorylation-dependent acetylation of FANCJ and its interaction with CtIP to promote DNA end resection.

In addition to canonical players, recent studies show that RECQL4 \[[@pgen.1008701.ref047]\], SAMHD1 \[[@pgen.1008701.ref048]\], AND-1 \[[@pgen.1008701.ref049]\], CTCF \[[@pgen.1008701.ref050]\] and AUNIP \[[@pgen.1008701.ref051]\] participates in DNA end resection by facilitating CtIP recruitment to the DSB sites. Our data demonstrating FANCJ dependent CtIP recruitment mediated by phosphorylation and acetylation identifies a novel mechanism by which DSB ends are processed in mammalian cells for repair by HR ([Fig 10](#pgen.1008701.g010){ref-type="fig"}). Protein interactions that occur through acetylation modification require bromodomain which is absent in CtIP. The underlying mechanism by which FANCJ acetylation mediates CtIP interaction needs further investigation. Moreover, further studies are required to understand whether an interplay exists between FANCJ and other factors in recruiting CtIP to the sites of DSBs to promote DNA end resection.

CDK plays an important role in determining the pathway choice of DSB repair by HR and also regulating the end resection machinery to effectively generate ssDNA for initiating HR \[[@pgen.1008701.ref044]\]. This is achieved by CDK mediated phosphorylation of CtIP at S327 which is required for 53BP1 displacement from sites of DSB ends and channelizing DSBs to HR mediated repair \[[@pgen.1008701.ref027]\]. CDK also facilitates CtIP phosphorylation at T847 during S/G2 phase to promote DNA end resection \[[@pgen.1008701.ref027], [@pgen.1008701.ref052]\]. EXO1 mediated long-range resection of DNA ends has been shown to be regulated by CDK dependent phosphorylation of EXO1 at multiple sites \[[@pgen.1008701.ref053]\]. In addition, CDK also phosphorylates RECQL4 to stimulate its helicase activity and promote DNA end resection \[[@pgen.1008701.ref054]\]. Our study extends this phenomenon of CDK dependent regulation of DNA end resection by phosphorylating FANCJ at S990 which is essential for FANCJ acetylation, which in turn is required for CtIP recruitment ([Fig 10](#pgen.1008701.g010){ref-type="fig"}).

BRCA1 has been shown to interact with CtIP upon phosphorylation by CDK at S327 and this interaction was believed to play a role in DNA end resection \[[@pgen.1008701.ref055], [@pgen.1008701.ref056]\]. We find that CtIP S327A mutant devoid of BRCA1 binding was competent to bind FANCJ and promote end resection, suggesting that FANCJ mediated end resection is independent of BRCA1-CtIP complex. Indeed, recent studies clearly demonstrate that BRCA1-CtIP interaction mediated by phosphorylation of CtIP S327 is not essential for DNA end resection \[[@pgen.1008701.ref057]--[@pgen.1008701.ref059]\]. The tumor suppressor BRCA1 plays an important role in determining the pathway choice of repair by participating in end resection and promoting HR mediated DSB repair \[[@pgen.1008701.ref027], [@pgen.1008701.ref060], [@pgen.1008701.ref061]\]. BRCA1 exists in multiple complexes: BRCA1-A with abraxas; BRCA1-B with FANCJ and BRCA1-C with CtIP \[[@pgen.1008701.ref060], [@pgen.1008701.ref062], [@pgen.1008701.ref063]\]. The fact that FANCJ recruitment to damaged sites is dependent on BRCA1 via FANCJ S990 phosphorylation, clearly indicates that FANCJ-CtIP mediated end resection is dependent on BRCA1 but independent of BRCA1-CtIP complex.

MRN complex in addition to having catalytic roles in DNA end resection also serves as a structural component in recruiting DNA end resection factors and stimulating their activity \[[@pgen.1008701.ref011]\]. Our analysis with FANCJ Walker A motif lysine mutants revealed interesting findings. Although the FANCJ K52A ATP binding deficient mutant was competent to bind and recruit CtIP to DSB sites, it was devoid of end resection activity. In contrast, ATP binding competent but hydrolysis deficient FANCJ K52R mutant was partially functional in promoting DNA end resection, implying that in addition to its scaffolding role in CtIP recruitment, FANCJ helicase activity is required for resection of DNA ends. Indeed, studies show that FANCJ K52R mutant is defective for ATP hydrolysis, DNA unwinding \[[@pgen.1008701.ref064], [@pgen.1008701.ref065]\] and HR \[[@pgen.1008701.ref019]\]. Moreover, it has been shown that ATP binding induced conformation change coupled with ATP hydrolysis is essential for the helicase activity of RECQ1\[[@pgen.1008701.ref066]\] and YxiN \[[@pgen.1008701.ref067]\]. The defective end resection with FANCJ K52R mutant implies that ATP binding induced conformational changes coupled with the motor activity of FANCJ is critical for efficient end resection. FANCJ is known to unwind a variety of DNA substrates including forked duplex, flap structures, D-loop and G4 DNA structures \[[@pgen.1008701.ref016]\]. Conceivably, these activities may facilitate resolving secondary structures near the DSB ends or while processing the DNA ends. However, further studies are required to understand how FANCJ helicase activity regulates DNA end resection.

Our previous study showed that FANCJ depleted cells exhibit a reduction in overall HR and a bias towards long-tract gene conversions (LTGC) \[[@pgen.1008701.ref019]\]. HR requires resection of DNA ends for the proper loading and assembly of RAD51 nucleofilaments \[[@pgen.1008701.ref013]\]. The current study provides evidence for the role of FANCJ in DNA end resection, and defect in end resection could account for the impaired HR in FANCJ deficient cells. Defect in the end resection might also influence the outcome of HR. SDSA mechanism of DSB repair involves displacement of the nascent strand from the D-loop and annealing to the second end of broken chromosome \[[@pgen.1008701.ref013], [@pgen.1008701.ref068]\]. Precise annealing of nascent DNA to the second end of the broken chromosome requires sufficiently resected DNA ends. Defect in the end resection could lead to reinvasion of the nascent strand to the sister chromatid and could account for the LTGC associated gene amplifications/duplications \[[@pgen.1008701.ref019]\]. Interestingly, a chromatin remodelling factor ATRX has been shown to be required for extended DNA repair synthesis during HR \[[@pgen.1008701.ref069]\]. It is unclear whether ATRX plays a role in DNA end resection which might influence HR and its outcome.

Materials and methods {#sec013}
=====================

Cell lines {#sec014}
----------

Human cell lines U2OS and U2OS-SCR18, ER-*Asi*SI U2OS and HCC1937 were kind gifts from Ralph Scully (Harvard Medical School, Boston, USA), Gaelle Legube (CNRS Toulouse, France) and Priya Srinivas (RGCB, Kerala, India), respectively. These cells were grown in Dulbecco's modified Eagle's medium (DMEM) supplemented with 10% FBS and penicillin/streptomycin (Sigma-Aldrich) at 37°C in humidified air containing 5% CO~2~. U2OS-SCR18 and ER-*Asi*SI U2OS cells were cultured under Puromycin selection (2 mg/ml; Sigma-Aldrich).

DNA constructs and transfections {#sec015}
--------------------------------

The pcDNA3-myc-His FANCJ cDNA was a kind gift from Sharon Cantor (UMass Medical School). As described previously \[[@pgen.1008701.ref019]\], hemagglutinin (HA)-6xHis-tagged human wild-type (WT) FANCJ and its mutant constructs were generated by PCR-based mutagenesis using primer sequences indicated in [S3 Table](#pgen.1008701.s006){ref-type="supplementary-material"} and cloned into the modified pcDNA3β vector using *Eco*RV and *Xho*I restriction sites. The FANCJ shRNA resistant WT and mutant constructs were designed by introducing silence mutations in the FANCJ cDNA sequence corresponding to the FANCJ shRNA\#1 sequence ([S4 Table](#pgen.1008701.s007){ref-type="supplementary-material"}). These primers were used for restriction-free cloning with PfuTurbo polymerase. The design and construction of the SCR reporter and I-*Sce*I expression vector have been described previously \[[@pgen.1008701.ref070]\]. All short hairpin RNA (shRNA) constructs were generated by using previously reported small interfering RNA (siRNA) sequences ([S4 Table](#pgen.1008701.s007){ref-type="supplementary-material"}) and cloned into the pRS shRNA vector. The pCW-GFP-CtIP was purchased from Addgene (Plasmid \# 71109). The CtIP shRNA resistant mutants S327A and T847A were generated by PCR-based mutagenesis. The complementation of HCC1937 cells was carried out with pDEST-mCherry-LacR-BRCA1 purchased from Addgene (Plasmid \# 71115). All plasmid transfections were carried out by electroporation using a Bio-Rad gene pulsar X cell (250 V and 950 μF). After 24 h of transfections with shRNA constructs, cells were transfected with shRNA resistant plasmids. Cells were incubated with 4-OHT 16 h post transfections with shRNA resistant constructs. After 4 h of incubation with 4-OHT, cells were processed for end resection assay. For ChIP analysis, cells were processed 2 h post incubation with 4-OHT.

Immunostaining {#sec016}
--------------

Exponentially growing U2OS cells were seeded onto sterile coverslips. To detect ssDNA, cells were pre-labelled with 10 μM BrdU for 24 h before the transfection with shRNA plasmids. Where appropriate, cells were treated with 300 nM 4-Hydroxytamoxifen;4-OHT (Sigma) for 4 h. After treatment, the cells were washed with PBS. Pre-extraction was performed using 0.2% Triton X-100 in PBS on ice for 1 min for BrdU staining. Cells were fixed in 3.7% formaldehyde for 10 min at room temperature followed by permeabilization with 0.2% Triton X-100 in PBS for pRPA2(S4/S8) and γ-H2AX staining. Later, cells were blocked in 0.5% BSA/0.2% TritonX-100 for 30 min. The cells were then incubated with the indicated primary antibodies ([S5 Table](#pgen.1008701.s008){ref-type="supplementary-material"}) and FITC/TRITC-conjugated secondary antibodies (1:100) (Sigma) for 1 h each at room temperature, and then stained with DAPI before mounting onto slides. Images were acquired using Olympus confocal microscope FV3000 and processed using Olympus fluoview image browser software.

Recombination assays {#sec017}
--------------------

HR assays were performed as described previously \[[@pgen.1008701.ref071]\]. In brief, U2OS SCR18 cells were transfected with appropriate shRNA constructs. After 24 h, 2×10^6^ cells were transfected with 24 μg of I-*Sce*I expression plasmid. 48 h later, GFP+ cells were scored by FACS analysis using BD biosciences Verse flow cytometer. In each experiment, the percentage of GFP positive cells was measured in triplicate samples, and I-*Sce*I-transfected values were corrected for transfection efficiency (\~60--70%). The spontaneous GFP+ frequency (\<0.01%) was subtracted from this value to obtain the I-*Sce*I-induced GFP+ frequency. Data represent the mean of at least three independent experiments with SD values indicated by error bars.

NHEJ assay {#sec018}
----------

NHEJ reporter assay was performed as described previously \[[@pgen.1008701.ref072], [@pgen.1008701.ref073]\]. In brief, U2OS cells were transfected with appropriate shRNA constructs. Pem1-Ad2-EGFP reporter was linearized using either *Hin*dIII or I-*Sce*I. After 24 h of transfection with respective shRNA constructs, 7 μg of the linearized reporter was co-transfected with 7 μg of mCherry plasmid by electroporation. Cells were harvested for analysis by flow cytometry after 48h of incubation using flow cytometer verse (BD Biosciences). Results are represented as a ratio of double-positive cells (EGFP+/Cherry+) to the total number of Cherry-positive cells to demonstrate NHEJ efficiency.

Cell synchronization and cell cycle analysis {#sec019}
--------------------------------------------

Cell synchronization and cell cycle analysis were performed as described previously \[[@pgen.1008701.ref074]\]. ssDNA generation was measured by quantitative PCR, and BrdU foci formation in cells synchronized in S/G2 phase. Cells were arrested at the G2/M phase by the addition of RO-3306 CDK1 inhibitor (10 μM, 16 h). The floating mitotic cells were then collected by shaking-off, washed with fresh media and then re-plated. The cells collected after 12 h were predominantly in S/G2 phase as analysed by flow cytometry ([S1B Fig](#pgen.1008701.s001){ref-type="supplementary-material"}). Briefly, collected single-cell suspensions were fixed overnight with 70% ethanol in PBS at -20°C. After centrifugation, the cells were incubated with RNaseA (0.1 mg/ml) in PBS at 42°C for 4 h and then incubated for 10 min with 50 μg/ml propidium iodide (PI) in dark. A total of 1×10^4^ cells were analysed by Verse flow cytometer (BD Biosciences). Aggregates were gated out and the percentage of cells with 2N and 4N DNA content were calculated using FACSDiva Version 6.1.1 software (BD Biosciences).

Genomic DNA extraction {#sec020}
----------------------

ER-*Asi*SI U2OS cells synchronised in S/G2 phase were treated with 4-Hydroxytamoxifen; 4OHT (Sigma) for a maximum period of 4 h. After harvesting, the cell suspension was centrifuged and resuspended with 37°C 0.6% low-gelling point agarose in PBS at a density of 6x10^6^ cells/ml. A 50 μl cell suspension was dropped onto a piece of Parafilm placed on ice to generate a solidified agar ball, which was then transferred to a 1.5 ml eppendorf tube. The agar ball was incubated with 1 ml of ESP buffer (0.5M EDTA, 2% N-lauroylsarcosine, 1 mg/ml proteinase-K, 1mM CaCl~2~, pH 8.0) for 20 h at 16°C with slow rotation, followed by treatment with 1 ml of HS buffer (1.85 M NaCl, 0.15 M KCl, 5 mM MgCl~2~, 2 mM EDTA, 4 mM Tris, 0.5% Triton X-100, pH 7.5) for 20 h at 16°C with slow rotation. This was followed by repeated washes with 1 ml of phosphate buffer (8 mM Na~2~HPO~4~, 1.5 mM KH~2~PO~4~, 133 mM KCl, 0.8 mM MgCl~2~, pH 7.4) for 6x1 h at 4°C with slow rotation. The agar ball was melted by placing the tube in a 70°C heat block for 10 min. The melted sample was diluted 15-fold with 70°C ddH~2~O, mixed with an equal volume of appropriate 2x NEB restriction enzyme buffer and stored at 4°C for further use.

Quantitative PCR for end resection analysis {#sec021}
-------------------------------------------

End resection was assayed in ER-*Asi*SI cells that were predominantly in S/G2 phase by cell synchronization procedure mentioned earlier in the Methods section. The extent of resection adjacent to specific DSBs was measured by quantitative polymerase chain reaction (qPCR) as described previously \[[@pgen.1008701.ref024]\]. The sequences of qPCR primers are shown in [S1 Table](#pgen.1008701.s004){ref-type="supplementary-material"}. 20μL of genomic DNA sample (\~200 ng in 1x CutSmart NEB restriction enzyme buffer) was digested or mock digested with 20 units of restriction enzymes (*NmeA*III, *Ava*I, *BsrG*I, *Bam*HI-HF or *Hin*dIII-HF; New England Biolabs) at 37°C overnight. 5 μl of digested or mock digested samples (\~20 ng) were used as templates in 20 μl of qPCR reaction containing 10 μl of 2x iTaqUniversal SYBR Green Supermix, 500 nM of each primer using iCycler iQReal-Time PCR (Bio-Rad). The % ssDNA generated by resection at selected sites was determined as previously described \[[@pgen.1008701.ref024]\]. Briefly, for each sample, a ΔCt was calculated by subtracting the Ct value of the mock-digested sample from the Ct value of the digested sample. The % ssDNA was calculated using algorithm: ssDNA% = 1/(2^\^^(ΔCt-1) + 0.5)\*100 \[[@pgen.1008701.ref024]\]. Data represent the mean of at least three independent experiments with SD values indicated by error bars.

Immunoprecipitation {#sec022}
-------------------

Immunoprecipitations were carried out as described previously \[[@pgen.1008701.ref075]\]. After harvesting the cells, the cytosolic protein fraction was removed by incubation in hypotonic buffer (10 mM HEPES, pH 7, 50 mM NaCl, 0.3M sucrose, 0.5% Triton X-100, supplemented with protease inhibitor (Roche), 20 mM NaF, 10 mM Trichostatin (TSA) and 5 mM nicotinamide (NAM) for 15 min on ice and centrifuged at 1500xg for 5 min. The remaining pellet was resuspended in lysis buffer (20 mM Tris-HCl (pH 7.5), 100 mM NaCl, 1% Nonidet P-40 (NP-40), 5% glycerol, 1 mM EDTA, 1 mM MgCl~2~, 1 mM ATP, 1 mM dithiothreitol (DTT), 20 mM NaF, protease inhibitor (Roche), 10 mM TSA, 5 mM NAM and Benzonase (10 U/μl). After sonication at low amplitude, lysates were cleared by centrifugation for 10 min. Where appropriate, 1 mg of lysates was incubated with 6 μg of the indicated antibodies for 12--16 h at 4°C. Lysates were then incubated with 30 μl of Protein A/G beads (GE Healthcare) for 6 h at 4°C. Ig--antigen complexes were washed extensively and eluted in 2x Laemmli sample buffer at 90°C with shaking for 45 min before SDS-PAGE.

Chromatin Immunoprecipitation {#sec023}
-----------------------------

Cells were cultured overnight at a density of 1×10^7^ per 150 mm petri dish and subjected to treatment with either solvent or 300 nM 4-OHT for 2 h, followed by incubating cells in 1% formaldehyde for 15 min at room temperature, and the reaction was stopped by 10 min incubation with 125 mM glycine. Cells were collected and washed three times by PBS, and soluble proteins were removed by incubation of cells with 0.5% Triton X-100 in PBS supplemented with 10 mM NaF, 10 mM TSA and 5 mM NAM for 5 min on ice. The remaining pellet was lysed by lysis buffer (50 mM Tris-HCl (pH 8.0), 10 mM EDTA (pH 8.0), 0.1% SDS and protease inhibitor cocktail (Roche), 10 mM NaF, 10 mM TSA and 5 mM NAM) on ice for 10 min followed by sonication (30 s-on/30 s-off, eight times) at 20% amplitude using Q-sonica model Q-500. Lysates were diluted using dilution buffer (50 mM Tris-HCl (pH 8.0), 150 mM NaCl, 1% Triton X-100, 0.1% SDS, protease inhibitor cocktail, 10 mM NaF, 10 mM TSA and 5 mM NAM). Where appropriate, for each sample, 1 mg of lysates was incubated with 6 μg of the indicated antibodies for 12--16 h at 4°C. Antibody-chromatin complexes were pulled down by adding 50 μl of Protein-A/G-Sepharose beads and incubated for 6 h at 4°C. The beads were washed for 10 min each with the lysis buffer followed by high-salt wash buffer (0.1% SDS, 1% Triton X-100, 2 mM EDTA, 20 mM Tris-HCl \[pH 8.1\], 500 mM NaCl), LiCl wash buffer (250 mM LiCl, 1% NP-40, 1% deoxycholate, 1 mM EDTA, 10 mM Tris-HCl \[pH 8.0\]), and TE buffer (10 mM Tris-HCl \[pH 8.0\], 1 mM EDTA). Finally, DNA was eluted with elution buffer (1% SDS, 100 mM NaHCO~3~). To reverse the formaldehyde cross-linking, elutes were incubated at 65°C overnight with the addition of 5 M NaCl to a final concentration of 200 mM and later digested at 56°C for 4 h with Proteinase K at a final concentration of 50 μg/ml. Protein extraction was carried out by phenol/chloroform extraction and DNA was precipitated by ethanol. The resulting sheared DNA fragments were used as templates in semi-quantitative PCR analysis. Purified DNA samples were quantified, and PCR was performed with 20 ng of DNA. The sequences of the PCR primers are mentioned in [S6 Table](#pgen.1008701.s009){ref-type="supplementary-material"}. Quantification of all PCR products was done by using ImageJ software.

Subcellular fractionation {#sec024}
-------------------------

After treatment of U2OS cells with increasing dose of Etoposide, the cytosolic protein fraction was removed by incubation in hypotonic buffer (10 mM HEPES, pH 7, 50 mM NaCl, 0.3 M sucrose, 0.5% Triton X-100, supplemented with protease inhibitor; Roche) for 15 min on ice and centrifuged at 1500xg for 5 min. The soluble nuclear fraction was removed by incubation with nuclear buffer (10 mM HEPES, pH 7, 200 mM NaCl, 1 mM EDTA, 0.5% NP-40 and protease inhibitor cocktail) for 10 min on ice and then centrifuged at 16000xg for 2 min. The pellets were resuspended in lysis buffer (10 mM HEPES, pH 7, 500 mM NaCl, 1 mM EDTA, 1% NP-40 and protease inhibitor cocktail), sonicated at low amplitude and centrifuged for 1 min at 16000xg; the supernatant was then transferred to a new tube. Whole-cell lysates for loading control were prepared by lysis in RIPA buffer (150 mM NaCl, 50 mM Tris-HCl \[pH 8\], 1% NP-40, 0.1% SDS, 0.5% sodium deoxycholate, 5% glycerol) supplemented with protease inhibitor (Roche).

Immunoblotting and antibodies {#sec025}
-----------------------------

Standard Bradford assay was used to estimate protein concentrations. Proteins were resolved on a 7.5% SDS-PAGE gel and transferred onto PVDF membranes (Millipore) using Trans-Blot SD Semi-Dry Transfer Cell (Bio-Rad). The membranes were blocked using 3% Bovine serum albumin (BSA) (w/v) in TBST (50 mM Tris-HCl pH 8.0, 150 mM NaCl, 0.1% Tween-20). The membranes were then incubated with appropriate primary antibodies ([S6 Table](#pgen.1008701.s009){ref-type="supplementary-material"}) overnight at 4°C. The membranes were washed with TBST and incubated with respective HRP-conjugated secondary antibodies (1:8000; Santa Cruz) for 1 h at 4°C. After TBST washes, membranes were developed with chemiluminescent HRP substrate (Millipore) and imaged using GE healthcare LAS 4000 Chemidoc.

Cell survival assays {#sec026}
--------------------

Cell survival assays were performed as described previously \[[@pgen.1008701.ref076]\]. Briefly, cells were mock-treated or treated with 4-OHT for 4 h, followed by recovery in fresh medium. Cell survival was monitored 4--5 days post-recovery by MTT assay using a microplate reader (VersaMax ROM version 3.13). Percentage cell survival was calculated as treated cells/untreated cells × 100.

Quantification and Statistical Analysis {#sec027}
---------------------------------------

Statistical differences in immunostaining experiments, qPCR assays for measurement of ssDNA generated by end resection, ChIP analysis, cell survival, HR and NHEJ assays were determined in terms of p-value from two-tailed *Student's* t-test of unequal variance. The numerical data for all the graphs in this study is available in [S1 Data](#pgen.1008701.s010){ref-type="supplementary-material"}.

Supporting information {#sec028}
======================

###### Methodology for quantitative measurement of end resection, cell cycle synchronization and knockdown analyses of various proteins.

\(A\) Design of qPCR primers for measurement of DSB% at two *Asi*SI sites (red arrows: DSB1 and DSB2) located on Chromosome 1 and measurement of resection at sites adjacent to the *Asi*SI sites (black arrows) \[[@pgen.1008701.ref024]\]. The primers on Chromosome 22 ('No DSB') were used as negative control. The primer pairs for 'DSB1' are across *Ava*I and *Bsr*GI restriction sites; and for 'DSB2' are across *Nme*AIII and *Bam*HI restriction sites. The primer pair for 'No DSB' is across a *Hin*dIII restriction site. (B) Experimental design for cell synchronisation by RO-3306 at S/G2 phase for measurement of end resection (detailed protocol in Materials and Methods section). (C) Validation of shRNA mediated knockdown of indicated proteins by immunoblotting with respective antibodies after 48 h and MCM3 as loading control.

(TIF)

###### 

Click here for additional data file.

###### FANCJ promotes DNA end resection.

\(A\) ER-*Asi*SI U2OS cells depleted for the indicated proteins were treated with zeocin (1μg/ml) for 4 h or mock treated. Cells were fixed and stained with γ-H2AX and pRPA2 (S4/S8) antibodies to detect ssDNA generated by end resection. Representative image for γ-H2AX and pRPA2 (S4/S8) foci are shown. (B) Graph represents the mean fluorescence intensity of γ-H2AX and pRPA2 (S4/S8) foci/nucleus from indicated cells in (A). N = 3; error bars indicate standard deviation (SD) and statistical significance was measured by two-tailed *Student*'s t-test of unequal variance. \*p \< 0.05; \*\*p \< 0.01; \*\*\*p \< 0.001; N.S., non-significant. (C) ER-*Asi*SI U2OS cells treated with either control shRNA, shFANCJ \#1 or shCtIP were treated with increasing dose of zeocin (0, 0.5 and 1 μg/ml) for 4 h. Whole cell lysates were separated on 10% SDS-PAGE and probed for the indicated proteins to measure their damage induced enrichment in the cell. (D) ER-*Asi*SI U2OS cells depleted for the indicated proteins were treated with zeocin (1μg/ml) for 4 h or mock treated. Cells were fixed and stained with γ-H2AX and RAD51 antibodies. Representative image for γ-H2AX and RAD51 foci are shown. (E) Graph represents the mean fluorescence intensity of γ-H2AX and RAD51 foci/nucleus from indicated cells in (D). N = 3; error bars indicate standard deviation (SD) and statistical significance was measured by two-tailed *Student*'s t-test of unequal variance. \*p \< 0.05; \*\*p \< 0.01; \*\*\*p \< 0.001; N.S., non-significant. (F) FANCJ depleted ER-*Asi*SI U2OS cells were treated with 300 nM 4-OHT for 2 h or mock treated, and ChIP assays were performed using antibody directed against RAD51. ChIP efficiencies (as percent of input immunoprecipitated) were measured by semiquantitative PCR at 80 bp from *Asi*SI induced DSB1 site. N = 3, with error bars indicating SD and statistical significance was measured by two-tailed *Student*'s t-test of unequal variance. \*p \< 0.05; \*\*p \< 0.01; \*\*\*p \< 0.001; N.S., non-significant. (G) ER-*Asi*SI U2OS cells depleted for the indicated proteins were treated with zeocin (1μg/ml) for 4 h or mock treated. Cells were fixed and stained with γ-H2AX and RPA70 antibodies. Representative image for γ-H2AX and RPA70 foci are shown. (H) Graph represents the mean fluorescence intensity of γ-H2AX and RPA70 foci/nucleus from indicated cells in (G). N = 3; error bars indicate standard deviation (SD) and statistical significance was measured by two-tailed *Student*'s t-test of unequal variance. \*p \< 0.05; \*\*p \< 0.01; \*\*\*p \< 0.001; N.S., non-significant. (I) U2OS-SCR 18 cells treated with either control shRNA or shFANCJ \#1 were treated with increasing dose of Etoposide (0,1 and 4μM), followed by subcellular fractionation. Chromatin enriched fractions were separated on 10% SDS-PAGE and probed for the indicated proteins to measure damage induced recruitment to chromatin. Whole cell lysates indicate total protein levels. (J) ER-*Asi*SI U2OS cells depleted for the indicated proteins were treated with zeocin (1μg/ml) for 4 h or mock treated. Cells were fixed and stained with γ-H2AX and FANCJ antibodies. Representative image for γ-H2AX and FANCJ foci are shown. (K) Graph represents the mean fluorescence intensity of γ-H2AX and FANCJ foci/nucleus from indicated cells in (J). N = 3; error bars indicate standard deviation (SD) and statistical significance was measured by two-tailed *Student*'s t-test of unequal variance. \*p \< 0.05; \*\*p \< 0.01; \*\*\*p \< 0.001; N.S., non-significant.

(TIF)

###### 

Click here for additional data file.

###### Relative abundance of exogenous vs endogenous FANCJ.

(A)Relative protein levels of endogenous FANCJ and WT/S990A/S990E-HA-6xHis-FANCJ. (B) Relative protein levels of endogenous FANCJ and WT/K1249R/K1249Q-HA-6xHis-FANCJ. (C) Relative protein levels of endogenous FANCJ and WT, K52A, K52R, K52A/1249R- HA-6xHis-FANCJ. In (A), (B) and (C), western blotting was carried out using FANCJ specific antibody.

(TIF)

###### 

Click here for additional data file.

###### Sequences of qPCR Primers used for studying ssDNA generation.

(PDF)

###### 

Click here for additional data file.

###### DSB% at DSB1 and DSB2 sites.

(PDF)

###### 

Click here for additional data file.

###### Sequences of primers used in this study.

(PDF)

###### 

Click here for additional data file.

###### Sequence of shRNAs used in this study.

(PDF)

###### 

Click here for additional data file.

###### List of Antibodies used in this study.

(PDF)

###### 

Click here for additional data file.

###### Sequences of Primers used in this study for ChIP-PCR.

(PDF)

###### 

Click here for additional data file.

###### Numerical data for all the graphs in this study.

(XLSX)

###### 

Click here for additional data file.
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RPA and RAD51 focus analysis would complement the ChIP and fractionation analysis but is not essential. I do not think that another DSB inducing agent needs to be used, as you already show that etoposide shows the expected decrease in chromatin association of RPA70 and RAD51.

About the Minor points listed: 1) Please include more discussion, but no new experiments are needed. 2) If IF is possible, this could strengthen the current interpretation. 3) This is not essential for the revision. 4-6) These are the major experimental additions. 7) Please focus on the FANCJ mutants.

Of the 'Additional', point a is a good suggestion but not needed for this revision. The remainder should pose no problem to implement.

Reviewer 2: The reviewer makes several specific experimental suggestions: 1) FANCJ-K1249Q-CtIP interaction. 2) Differentiation of two interaction models. Results from both experiments would add to the present data and strengthen the mechanistic model.

The comment about statistical significance must be addressed. The minor comments should not pose a problem.

Reviewer 3: The reviewer makes an important point whether FANCJ is directly involved in resection or via recruitment of CtIP. I agree that the phenotype of the Walker A box mutants cannot fully settle this question. The analysis of the FANCJ-K52A mutant in the CtIP recruitment assay is an excellent suggestion. Also, the NHEJ analysis and HR analysis with the FANCJ-K1249R mutant. I think the suggested epistasis analysis with BRCA1 and 53BP1 is not needed for this manuscript. The last 4 points should not pose a problem to address with additional explanation.

Editor comments:

1\) In the discussion, I think you have to relate your observations on resection back to your previous finding that FANCJ affects the balance between long and short tract conversion.

2\) Please consult this paper (Juhasz et al. 2018 Molecular Cell) on HR in U2OS cells and consider the impact on the present and previous data.

3\) I agree with reviewer 2, that the results with FANCJ KR and KA mutants needs to be presented and discussed more carefully. Has it been experimentally shown that KR binds but not hydrolyzes ATP and that KA does not bind ATP? In fact, some KA mutants bind ATP but do not lead to a conformational change that is usually accompanied by ATP binding. Moreover, in my mind the data show a differential requirement for both, KA and KR, suggesting that motor activity is needed but also conformational change after ATP binding (given the caveats above). This may suggest a 2-step model. This issue (also Rev. 2 comment on this topic) needs rewording and more discussion, but not new experiments.

I hope these comments will be helpful for the revision and look forward to the new version of the manuscript.

My best regards

Wolf

Reviewer\'s Responses to Questions

**Comments to the Authors:**

**Please note here if the review is uploaded as an attachment.**

Reviewer \#1: The article titled' FANCJ helicase promotes DNA end resection by facilitating CtIP recruitment to the DNA double-strand breaks' provides insight into the role of FANCJ in promoting initial nucleolytic processing of DSBs through FANCJ interaction with BRCA1 and CtIP, components of the homologous recombination pathway of double-strand break repair. The authors claim that FANCJ has a direct role in the recruitment of CtIP through acetylation by CBP after localisation to DSBs in a BRCA1 dependent manner through phosphorylation by CDK. Furthermore, the authors claim that the helicase activity of FANCJ is also required for DNA resection. These claims are generally not very well supported and require significant amount of experimental work to solidify the hypothesis.

Major comments:

The authors provide insight into the impact of FANCJ on ssDNA generation through resection primarily using the ER-AsiSi system. While the author's provide an initial additional read-out for ssDNA through the analysis of BRDU foci (unusually high in control given the number of DSBs generated by tamoxifen-dependent induction of ER-AsiSi), it is essential that the authors conduct similar analysis to complement the findings associated with separation of function point mutants identified. In addition, (i) the inclusion of additional controls in AsiSi DSB resection efficiency analysis is essential such as (ii) western blots showing level of RPA S4/8, CHK2 and gH2AX for FANCJ-deficient, CtiP-deficient (internal control) and the doubles. These should be done in response to Tamoxifen treatment as well as to a DSB inducing agent, such as zeocin. It is somehow surprising the level of foci shown in Figure 1B and supplementary figure 2a upon tamoxifen treatment (BrDU and pRPA2 S4/S8, gH2AX) given that such treatment should generate relatively small number of DSBs -- do the authors see the same pattern of response upon zeocin treatment?) -- this would be an essential analysis to include (also for the separation of function mutants). Since defect in resection would result in a defective RPA and RAD51 foci formation these should be analysed as well (upon tamoxifen as well as zeocin treatment).

Finally, survival assays for FANCJ and the separation of function mutants should be included in response to tamoxifen as well as zeocin (or another DSB inducing agent).

Minor points to address:

1\. Figure 2A shows that shMRE11 results in a significant defect in FANCJ recruitment to DSBs which may support previous reports. However, an explanation for this is not addressed throughout the article. Why does MRE11 deficiency affect FANCJ recruitment- what is the mechanism and evidence for this in the authors hands or from the literature? This should be included in text.

2\. Immunofluorescence microscopy for FANCJ recruitment to AsiSi breaks should complement ChIP and resection analysis in Figure 2 (see also major comments above).

3\. Figure 2B and C: BARD1/ BRCA1-FANCJ interaction appears to be upregulated after DSB induction. Given that they form a stable complex and together are shown to counteract 53bp1 function to promote DNA resection (Densham et al., 2016. Nat. Struc. Biol), including BARD1 and BRCA1 in ChIP analysis (Figure 2C) to determine whether FANCJ depletion affects their recruitment is advised.

4\. Resection analysis in Figure 4C and 5C should include the C�-FANCJ mutant as comparison to separate function to BRCA1 and CtIP, this will enable insight into relative contribution to DNA resection based on BRCA1/CtIP- FANCJ nteraction vs interaction with additional DNA resection factors (specifically MRE11). This will underline the role of the identified point mutations and FANCJ in the wider mechanism of HR.

5\. Additional experimental read-outs for resection defects are required for all separation of function mutants analysed: FANCJ S990A/E, K1249R/Q, CtIP-T847A, FANCJ K52A/R. BRDU foci analysis is proposed to support resection efficiency assays.

6\. Figure 7 C displays resection efficiency after depletion of CtIP followed by rescue analysis using mutants. Resection analysis should include shFANCJ and shFANCJ-K1249R to show epistasis or relative contribution of complexes to resection efficiency.

7\. Figure 8 C: Resection analysis should include FANCJ-S990A and K1249R separation of function mutants or CtIP or BRCA1 shRNA treatments. If the interactions with CtIP or BRCA1 is epistasic to the helicase activity. Authors may also include K52A + K1249R FANCJ double point mutants as additional control to demonstrate epistasis. This will solidify the mechanism described.

Additional:

a\. Use of CDK or CBP inhibitors followed by analysis of interactions with CtIP will reinforce the claim of their direct role in regulating FANCJ.

b\. Figure S3C should be included in Figure 2 as additional panel.

c\. Figure S4A should be included in Figure 3 as additional panel.

Thorough checking of sentence structure and grammar is required throughout article.

Reviewer \#2: In this study the authors report on the interaction of FANCJ with CtIP that they found to be required for the recruitment of CtIP to DNA double-strand breaks (DSBs). They further show that the interaction with CtIP is dependent on FANCJ acetylation at K1249, which in turn requires S990 phosphorylation.

Overall, the experiments in this paper are carefully conducted and the results are clearly presented.

Major comments:

-- The authors show that the interaction between FANCJ and CtIP depends on DSBs (Figure 2B), but do not show whether this is due to acetylation of FANCJ in response to DSBs. If so, FANCJ K1249Q should be able to interact with CtIP also in the absence of DSBs. The authors should test this.

-- The authors show that phosphorylation of FANCJ at S990 is required for acetylation at K1249 and that both FANCJ S990A and K1249R are unable to interact with CtIP. In my view there are two possible interaction modes between FANCJ and CtIP. First, phosphorylation of S990 is required for K1249 acetylation (for example through recruitment of CBP or another acetyltransferase), but CtIP physically only binds to acetylated K1249; or second, phosphorylation of S990 is required for K1249 acetylation and CtIP binds to both phosphorylated S990 and acetylated K1249. I would encourage the authors to utilise a double mutant (S990A/K1249Q) and do CtIP interaction experiments (similar as in Figure 6A) to distinguish between these two possibilities.

-- It is interesting that the authors see different phenotypes with FANCJ K52A and K52R. However, they should be more careful with their wording (results section and abstract). Given that they see a partial rescue with K52R, it would appear that ATP binding (as opposed to ATP hydrolysis and helicase activity) is sufficient to partially restore resection.

-- Figure 8C and S7A: Statistical significance should be calculated between "shFANCJ + WT" and "shFANCJ + K52A" or "shFANCJ + K52R" and not between "shFANCJ + K52A" and "shFANCJ + K52R".

Minor comments:

-- Introduction, line 90: It should read "maintenance of microsatellite stability"

-- Figure 1D: The authors should mention somewhere why they include knock-down of DNA2 and 53BP1.

-- Results, line 198: It should read "FANCJ K1249R was defective..." not " FANCJ K1249R expressing cells..."

-- Results, lane 199-201: Since the authors show before that CtIP is not required for recruitment of FANCJ to DSBs, it is not so surprising that FANCJ K1249R can still localise to DSBs. Please rephrase.

-- Table S4: Change title (since it contains not only SDM primers) and highlight all nucleotide changes for SDM primers.

Reviewer \#3: Previous studies have shown a decreased frequency of homologous recombination (HR) in the absence of FANCJ. In this study, the authors investigate the role of FANCJ in the earliest step of HR, DNA end resection. They find reduced generation of single-stranded DNA (ssDNA) after induction of AsiSI endonuclease and show lower accumulation of CtIP at DSBs in FANCJ-depleted cells. Furthermore, they find that CtIP recruitment/retention at DSBs requires phosphorylation and acetylation of FANCJ, and provide evidence that the CtIP-FANCJ interaction is independent of BRCA1, a known interaction partner of both CtIP and FANCJ.

The findings presented support a role for FANCJ in recruitment of CtIP to DSBs to facilitate end resection. It is unclear from the data whether FANCJ plays a direct role in end resection or if its primary function is in recruitment of CtIP. The end resection defect of the FANCJ-K52A mutant would appear to suggest a catalytic role, but it is not obvious why MRN-CtIP would require a helicase to initiate end resection. Is CtIP recruited to DSBs in cells expressing FANCJ-K52A? If FANCJ is acting at an early step it would be expected to shift the balance from HR to NHEJ. I suggest the authors measure NHEJ efficiency in FANCJ depleted cells. I also recommend measuring HR in cells expressing the FANCJ-K1249R mutant. To confirm that FANCJ functions independently of BRCA1 in end resection, I suggest measuring end resection in sh53BP1 shFANCJ cells and comparing to sh53BP1 shBRCA1 cells.

Most of the assays rely on induction of DSBs by AsiSI. Is there equivalent efficiency of AsiSI cleavage at DSB 1 and 2 in the all of the cell lines expressing shRNAs? Were the values of ssDNA shown for the end resection assay normalized to the % AsiSI cleavage at each site?

Most of the resection assays show a single time point, 4 h, after DSB induction. Were other time points analyzed? Does resection in FANCJ-depleted cells increase at later time points? Why were ChIP assays done 2 h after 4-OHT treatment? Later time points should also be used to measure RAD51 association with DSBs.

The methods for transfection with shRNA constructs are not explained in enough detail. How long after transfection were cells treated with 4-OHT to induce AsiSI? Do cells remain arrested in G2 after transfection with shRNAs and induction of AsiSI? At what time point were Western blots performed to assess knockdown efficiency?

Line 150: I don't think the authors can conclude direct interaction based on IP results. The authors would need to demonstrate interaction between the purified proteins to conclude that it is direct.

\*\*\*\*\*\*\*\*\*\*

**Have all data underlying the figures and results presented in the manuscript been provided?**

Large-scale datasets should be made available via a public repository as described in the *PLOS Genetics* [data availability policy](http://journals.plos.org/plosgenetics/s/data-availability), and numerical data that underlies graphs or summary statistics should be provided in spreadsheet form as supporting information.

Reviewer \#1: Yes

Reviewer \#2: Yes

Reviewer \#3: Yes

\*\*\*\*\*\*\*\*\*\*

PLOS authors have the option to publish the peer review history of their article ([what does this mean?](https://journals.plos.org/plosgenetics/s/editorial-and-peer-review-process#loc-peer-review-history)). If published, this will include your full peer review and any attached files.

If you choose "no", your identity will remain anonymous but your review may still be made public.

**Do you want your identity to be public for this peer review?** For information about this choice, including consent withdrawal, please see our [Privacy Policy](https://www.plos.org/privacy-policy).
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\* Please note while forming your response, if your article is accepted, you may have the opportunity to make the peer review history publicly available. The record will include editor decision letters (with reviews) and your responses to reviewer comments. If eligible, we will contact you to opt in or out. \*

Dear Ganesh

All reviewers appreciate the effort that was invested in the revision and agree that their concerns were addressed. In principle, I am happy to accept the revision but reviewers 1 and 2 note some minor issues that can be addressed with text changes and editing. Please make the changes accordingly and submit a second revision along with a short description, how you implemented the reviewers points. Congratulations on a nice piece of work.

\[GPC note - one or more of the reviewers noted numerous grammatical errors in the text of the manuscript. PLOS Genetics does not offer copy editing services, so we ask that you carefully proof the manuscript at this stage.  Some authors find it helpful to have an experienced colleague edit for grammar (not science), while other find professional editing services helpful.\]

Below, please find a standard \"minor revision\" decision letter.

\-\--

Thank you very much for submitting your Research Article entitled \'FANCJ helicase promotes DNA end resection by facilitating CtIP recruitment to the DNA double-strand breaks\' to PLOS Genetics. Your manuscript was fully evaluated at the editorial level and by independent peer reviewers. The reviewers appreciated the attention to an important topic but identified some aspects of the manuscript that should be improved.

We therefore ask you to modify the manuscript according to the review recommendations before we can consider your manuscript for acceptance. Your revisions should address the specific points made by each reviewer.

In addition we ask that you:

1\) Provide a detailed list of your responses to the review comments and a description of the changes you have made in the manuscript.

2\) Upload a Striking Image with a corresponding caption to accompany your manuscript if one is available (either a new image or an existing one from within your manuscript). If this image is judged to be suitable, it may be featured on our website. Images should ideally be high resolution, eye-catching, single panel square images. For examples, please browse our [archive](http://www.plosgenetics.org/article/browse/volume). If your image is from someone other than yourself, please ensure that the artist has read and agreed to the terms and conditions of the Creative Commons Attribution License. Note: we cannot publish copyrighted images.

We hope to receive your revised manuscript within the next 30 days. If you anticipate any delay in its return, we would ask you to let us know the expected resubmission date by email to <plosgenetics@plos.org>.

If present, accompanying reviewer attachments should be included with this email; please notify the journal office if any appear to be missing. They will also be available for download from the link below. You can use this link to log into the system when you are ready to submit a revised version, having first consulted our [Submission Checklist](http://journals.plos.org/plosgenetics/s/submit-now#loc-submission-checklist).

While revising your submission, please upload your figure files to the [Preflight Analysis and Conversion Engine](http://pace.apexcovantage.com/) (PACE) digital diagnostic tool. PACE helps ensure that figures meet PLOS requirements. To use PACE, you must first register as a user. Then, login and navigate to the UPLOAD tab, where you will find detailed instructions on how to use the tool. If you encounter any issues or have any questions when using PACE, please email us at <figures@plos.org>.

Please be aware that our [data availability policy](http://journals.plos.org/plosgenetics/s/data-availability) requires that all numerical data underlying graphs or summary statistics are included with the submission, and you will need to provide this upon resubmission if not already present. In addition, we do not permit the inclusion of phrases such as \"data not shown\" or \"unpublished results\" in manuscripts. All points should be backed up by data provided with the submission.

PLOS has incorporated [Similarity Check](http://www.crossref.org/crosscheck.html), powered by iThenticate, into its journal-wide submission system in order to screen submitted content for originality before publication. Each PLOS journal undertakes screening on a proportion of submitted articles. You will be contacted if needed following the screening process.

To resubmit, you will need to go to the link below and \'Revise Submission\' in the \'Submissions Needing Revision\' folder.

\[LINK\]

Please let us know if you have any questions while making these revisions.

Yours sincerely,

Wolf-Dietrich Heyer

Guest Editor

PLOS Genetics

Gregory P. Copenhaver

Editor-in-Chief

PLOS Genetics

Reviewer\'s Responses to Questions

**Comments to the Authors:**

**Please note here if the review is uploaded as an attachment.**

Reviewer \#1: The manuscript has been now substantially improved and I would like to congratulate the authors on this very nice pice of work.

Minor comments:

1\. Canonical image for Fig S2A shCtIp pRPAS4/S8 stain does not support graphical representation in Fig S2B.

2\. shCtIP canonical image for RAD51 staining (Fig S4C) does not complement graph trend (Fig S4D).

Reviewer \#2: The authors did a very good job in addressing the reviewers\' comments with many new experiments. I think they report important findings that will be of great interest to the readership of PLOS Genetics.

However, I still have a few remaining criticisms:

-- I still think that the issue KA/KR is not properly addressed. For example, in the abstract, the authors write \"its helicase activity is crucial for promoting end resection". Given Figure 9D where the authors see a partial restoration of ssDNA with the KR (but not the KA) variant, this is not correct. They should instead use the term "intact ATP binding domain" or "ATP binding". Same problem in the results and discussion sections.

-- I think the manuscript requires careful copy-editing. There are issues with grammar, hyphenation, articles etc.

-- I also think that the flow of the paper could be improved -- ironically, I think this problem comes partially from the wealth of new data that were added. It would certainly help to add more sub-headings to the results section and to try and integrate the SI data in a better way.

Minor:

-- Not all SI figures come in the right order in the text.

-- Figure S6A/B: I would swap red/green in the graph to be consistent.

-- Figures S12: Please align MRE11 blot.

Reviewer \#3: The authors have adequately addressed all of my concerns.

\*\*\*\*\*\*\*\*\*\*

**Have all data underlying the figures and results presented in the manuscript been provided?**

Large-scale datasets should be made available via a public repository as described in the *PLOS Genetics* [data availability policy](http://journals.plos.org/plosgenetics/s/data-availability), and numerical data that underlies graphs or summary statistics should be provided in spreadsheet form as supporting information.
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Reviewer \#2: Yes

Reviewer \#3: Yes
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PLOS authors have the option to publish the peer review history of their article ([what does this mean?](https://journals.plos.org/plosgenetics/s/editorial-and-peer-review-process#loc-peer-review-history)). If published, this will include your full peer review and any attached files.

If you choose "no", your identity will remain anonymous but your review may still be made public.

**Do you want your identity to be public for this peer review?** For information about this choice, including consent withdrawal, please see our [Privacy Policy](https://www.plos.org/privacy-policy).
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Dear Ganesh,

We are pleased to inform you that your manuscript entitled \"FANCJ helicase promotes DNA end resection by facilitating CtIP recruitment to DNA double-strand breaks\" has been editorially accepted for publication in PLOS Genetics. Congratulations!

Before your submission can be formally accepted and sent to production you will need to complete our formatting changes, which you will receive in a follow up email. Please be aware that it may take several days for you to receive this email; during this time no action is required by you. Please note: the accept date on your published article will reflect the date of this provisional accept, but your manuscript will not be scheduled for publication until the required changes have been made.

Once your paper is formally accepted, an uncorrected proof of your manuscript will be published online ahead of the final version, unless you've already opted out via the online submission form. If, for any reason, you do not want an earlier version of your manuscript published online or are unsure if you have already indicated as such, please let the journal staff know immediately at <plosgenetics@plos.org>.

In the meantime, please log into Editorial Manager at <https://www.editorialmanager.com/pgenetics/>, click the \"Update My Information\" link at the top of the page, and update your user information to ensure an efficient production and billing process. Note that PLOS requires an ORCID iD for all corresponding authors. Therefore, please ensure that you have an ORCID iD and that it is validated in Editorial Manager. To do this, go to 'Update my Information' (in the upper left-hand corner of the main menu), and click on the Fetch/Validate link next to the ORCID field.  This will take you to the ORCID site and allow you to create a new iD or authenticate a pre-existing iD in Editorial Manager.

If you have a press-related query, or would like to know about one way to make your underlying data available (as you will be aware, this is required for publication), please see the end of this email. If your institution or institutions have a press office, please notify them about your upcoming article at this point, to enable them to help maximise its impact. Inform journal staff as soon as possible if you are preparing a press release for your article and need a publication date.

Thank you again for supporting open-access publishing; we are looking forward to publishing your work in PLOS Genetics!

Yours sincerely,

Wolf-Dietrich Heyer

Guest Editor

PLOS Genetics

Gregory P. Copenhaver

Editor-in-Chief

PLOS Genetics

[www.plosgenetics.org](http://www.plosgenetics.org)

Twitter: \@PLOSGenetics

\-\-\-\-\-\-\-\-\-\-\-\-\-\-\-\-\-\-\-\-\-\-\-\-\-\-\-\-\-\-\-\-\-\-\-\-\-\-\-\-\-\-\-\-\-\-\-\-\-\-\--

Comments from the reviewers (if applicable):

\-\-\-\-\-\-\-\-\-\-\-\-\-\-\-\-\-\-\-\-\-\-\-\-\-\-\-\-\-\-\-\-\-\-\-\-\-\-\-\-\-\-\-\-\-\-\-\-\-\-\--

**Data Deposition**

If you have submitted a Research Article or Front Matter that has associated data that are not suitable for deposition in a subject-specific public repository (such as GenBank or ArrayExpress), one way to make that data available is to deposit it in the [Dryad Digital Repository](http://www.datadryad.org). As you may recall, we ask all authors to agree to make data available; this is one way to achieve that. A full list of recommended repositories can be found on our [website](http://journals.plos.org/plosgenetics/s/data-availability#loc-recommended-repositories).

The following link will take you to the Dryad record for your article, so you won\'t have to re‐enter its bibliographic information, and can upload your files directly: 

<http://datadryad.org/submit?journalID=pgenetics&manu=PGENETICS-D-19-01831R2>

More information about depositing data in Dryad is available at <http://www.datadryad.org/depositing>. If you experience any difficulties in submitting your data, please contact <help@datadryad.org> for support.

Additionally, please be aware that our [data availability policy](http://journals.plos.org/plosgenetics/s/data-availability) requires that all numerical data underlying display items are included with the submission, and you will need to provide this before we can formally accept your manuscript, if not already present.

\-\-\-\-\-\-\-\-\-\-\-\-\-\-\-\-\-\-\-\-\-\-\-\-\-\-\-\-\-\-\-\-\-\-\-\-\-\-\-\-\-\-\-\-\-\-\-\-\-\-\--

**Press Queries**

If you or your institution will be preparing press materials for this manuscript, or if you need to know your paper\'s publication date for media purposes, please inform the journal staff as soon as possible so that your submission can be scheduled accordingly. Your manuscript will remain under a strict press embargo until the publication date and time. This means an early version of your manuscript will not be published ahead of your final version. PLOS Genetics may also choose to issue a press release for your article. If there\'s anything the journal should know or you\'d like more information, please get in touch via <plosgenetics@plos.org>.

10.1371/journal.pgen.1008701.r006
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PGENETICS-D-19-01831R2

FANCJ helicase promotes DNA end resection by facilitating CtIP recruitment to DNA double-strand breaks

Dear Dr NAGARAJU,

We are pleased to inform you that your manuscript entitled \"FANCJ helicase promotes DNA end resection by facilitating CtIP recruitment to DNA double-strand breaks\" has been formally accepted for publication in PLOS Genetics! Your manuscript is now with our production department and you will be notified of the publication date in due course.

The corresponding author will soon be receiving a typeset proof for review, to ensure errors have not been introduced during production. Please review the PDF proof of your manuscript carefully, as this is the last chance to correct any errors. Please note that major changes, or those which affect the scientific understanding of the work, will likely cause delays to the publication date of your manuscript.

Soon after your final files are uploaded, unless you have opted out or your manuscript is a front-matter piece, the early version of your manuscript will be published online. The date of the early version will be your article\'s publication date. The final article will be published to the same URL, and all versions of the paper will be accessible to readers.

Thank you again for supporting PLOS Genetics and open-access publishing. We are looking forward to publishing your work!

With kind regards,

Kaitlin Butler

PLOS Genetics

On behalf of:

The PLOS Genetics Team

Carlyle House, Carlyle Road, Cambridge CB4 3DN \| United Kingdom

<plosgenetics@plos.org> \| +44 (0) 1223-442823

[plosgenetics.org](http://plosgenetics.org) \| Twitter: \@PLOSGenetics
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